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When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever, and the fact that the Government
may have formulated, furnished, or in any way supplied the said drawings,
specifications, or other data, is not to be regarded by implication or
otherwise as in any manner licensing the holder or any other person or
corporation, or conveying any rights or permission to manufacture, use, or

sell any patented invention that may in any way be related thereto.
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PREFACE

Aircraft fire protection research conducted by the Boeing Military Airplane
Company under Contract F335615-78-C-2063 is discussed in this report. Most of
the research was carried out in newly activated facilities, the Aircraft
Engine Nacelle (AEN) simulator, and the Simulated Aircraft Fuel Tank
Environment (SAFTE) simulator located at Wright-Patterson Air For<e Base and
was conducted between February 1981 and October 1384, The contract was
sponsored by the Air Force Wright Aeronautical Laboratories (AFWAL) and the
Joint Technical Coordinating Group on Aircraft Survivability (JTCG/AS).
Guidance was provided by the Fire Protection Branch of the Aero Propulsion
i.aboratory (AFWAL/POSH), Air Force Wright Aeronautical Laboratories, Air Force
systems Command, Wright-Patterson Air Force Base, Ohio, under Project 3048,
Task 07, and Work Unit 86. Gregory W. Gandee, Terrell D. Allen, and John C.
Sparks were the Government project engineers.

The results are presented in three volumes with Volumes II and III subdivided
into parts. Volume I summarizes the research conducted under this program,
describes the test facilities used, and highlights important findings.
Volume 11 discusses research related to engine compartment (nacelle) fire
protection. Testing was done primarily in the AEN simulator, but some smail
scale testing was performed at Boeing facilities in Seattle. Volume III
discusses fuel tank fire protection research studies performed under this
contract. Most of this work was focused on on-board 1inert gas generator
systems (OBIGGS). Much of the testing related to OBIGGS development was
conducted in the SAFTE simulator, but again some related small scale testing
wa> done in Seattle. The contents of the three volumes are listed below:

Volume 1 Executive Summary

Volume I1 Aircraft Engine Nacelle Fire Test Program

Part 1 Fire Protection, Fire Extinguishant and tot Surface Ignition
Studies

Part 2 small Scale Testing of Dry Chemical Fire Extinguishants
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Volume III On-Board Inert Gas Generator System (OBIGGS) Studies

Part 1 0BIGGS Ground Performance Tests

Part 2 Fuel Scrubbing and Oxygen Evolution Tests

* WK OV O U

Part 3 Aircraft OBIGGS Designs

2

:.'

€

' Boeing acknowledges the contributions of the design and technical personne’ of :
Technical/Scientific Services, Inc, (TSSI1) for their support to this program

F and to R. G. Clodfelter of the Air Force for his technical guidance during the )

research studies and for his efforts to develop these National facilities for
generalized investigations of techniques to improve aircraft fire safety.
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1.0 [INTRODUCTION

Fire protection, a primary design consideration for military aircraft, has
become 1increasingly important with the introduction of increasingly
sophisticated and costly aircraft into the fleet. Since fuel fires are the
most common and potentially the most severe, fuel tank fire safety is
fundamental and 1s the object of extensive, continuing research,

Fuel tank fire protection research has resulted in implementation of several
protection systems. Explosion suppressant foam, used in the fuel tanks of a
number of fighter aircraft, causes in-tank fires to become extinguished before
damaging overpressures occur, Although explosion suppressant foam provides
effective explosion protection and is a passive {no moving parts) system, foam
is relatively heavy and may be subject to electrostatic problems or premature
decomposition. Liquid nitrogen (LNZ) fire protection systems are used on
the Air Force C-5 fleet., The LN2 system provides fuel tank fire protection
by supplying sufficient nitrogen from storage bottles (dewars) to maintain an
inert fuel tank vapor space (ullage). The consensus of extensive research is
that the ullage will be inert (will not propagate flame) if the oxygen
concentration is less than 9% by volume. The LN2 system provides effective
fuel tank fire protection but has the disadvantage of requiring a supply of
cryogenic nitrogen nearly every time the airplane is refueled - a serious
logistics problem. Another fire protection technique is to inject Halon into
the ullage when a hazardous condition (such as combat) can be anticipated.
Although Halon is a very effective fire protection agent, Halon is only
suitable for part-time fuel tank fire protection and has logistics
disadvantages. An attractive alternative to these methods is the on-board
inert gas generator systems (0BIGGS) currently under development. The OBIGGS
is similar to the LN2 system except the OBIGGS produces an inert gas by
processing engine bleed air into a nitrogen rich gas suitable for inerting.
The OBIGGS eliminates the logistics problems of resupply for the LN2 and

Halon systems and has significant weight advantages over explosion suppressant
foam.

s

>
o
A
BN
ol
79N
sl
T
.

[
2

L) L ) T’.‘
o
LS

o

"iﬂ“ ;
.
S
.

A
- s ._. '.. '.l

¥ - A8

AR
.,

e
E‘.’- . ?
2 Ba®. PR

s
v

bt e 4

RAY



1.1 Background

.
2
I

From as early as the 1960's, the Air Force has been interested in an on-board
system which could generate inert gas for fuel tank inerting and fire
suppression,  The technology initially considered for this application
1ncluded:

0
d B
R "J PR

0 Permeable Membranes
l 0 Molecular Sieves .
o Catalytic Reactors

In 1978, the Air Force contracted with AiResearch (Contract F33615-77-C-2023)
to design, build and flight test a fuel tank inerting system based on an
on-board inert gas generator. The results of this program are reported in
Reference 1. The inerting system developed by AiResearch was to be flight
tested on a KC-135 airplane. Subsequently, the Air Force cancelled the flight
test portion of the AiResearch contract and substituted an in-depth ground
test program under a separate contract with Boeing Military Airplane Company
(F33615-78-C-2063). AiResearch was still under contract to provide the IGG as
a skid system, including the bleed air conditioning system referred to as an
Air Cycle Machine (ACM). Later funding cuts on the AiResearch contract also
resulted in the elimination of the ACM from the Inert Gas Generator (IGG)
hardware delivered for ground testing.
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AiResearch performed an analysis of the KC-135 inerting requirements and

determined the following specifications for the IGG product flowrate and o
oxygen concentration: ;;:ii
R
o 3PPMat 5% 0, ’fﬁ
o 8PPMat 9120, DN
The AiResearch 1GG was based on a hollow fiber permeable membrane concept . E;iﬁ
under development by DOW Chemical Company. An inerting system, capable of Y
meeting the KC-135 requirements, was initially designed on the basis of 325
projected performance from five 13-inch diameter ASM's, However, initial ;;Ij
attempts by DOW to produce a 13-inch diameter ASM were not completely ﬂiﬁ
o
successful,
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DOW eventually produced 9-inch diameter ASM's, and AiResearch delivered a skid
based PHMIGG consisting of five 9-inch ASM's rated at one-half of the KC-135
requirements (1.5 PPM at 5 % 02 and 4 PPM at 9 % 02).

In 1980, the Air Force contracted with the Instruments & Life Support Division
of the Clifton Precision Company (Contract F33615-80-C-2007) to produce an
alternative IGG. This program is described in Reference 2. The Clifton unit
uses molecular sieves to generate the inert gas. Clifton had previous
experience using the molecular sieve process to produce systems similar in
operaticn to an IGG for breathing oxygen. However, the MSIGG unit provided by
Clifton was significantly larger in flow rate than any similar system
previously produced. The specifications for the MSIGG were provided by the
Air Force and were based on the AiResearch analysis of the KC-135 inerting
requirements. The Clifton MSIGG, as delivered, met the 3 and 8 PPM
requirements mentioned previously and underwent the same extensive ground
tests as the AiResearch PMIGG.

1.2 Ground Rules

The basic requirements for this study were to install, checkout, and conduct a
comprehensive performance evaluation of two prototype OBIGGS: one used the
molecular sieve concept for inert gas production while the other used the
permeable membrane concept. The performance evaluation required ground
simulation of selected, critical flight environments and related operating
conditions. The performance goals of bath concepts were to provide flowrates
and nitrogen enriched air with specified oxygen concentrations for various
mission segments as tabulated below:

Mission NEA Flowrate NEA Maximum Oxygen Concentration
Segment (pounds per minute) (% by volume)
Climb 3 5
Cruise 3 5
Descent 8 9
3
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Each of the 1GG devices was required to accumulate the equivalent of 200
flight hours based on fuel system demands for typical flight profiles of
KC-135 airplanes. Particular attention was to be given to any performance
degradation observed during testing.

During the gqround simulation of the KC-135 wmissions, the performance
requirements for both IGG's were as follows:

0 Fuel system pressure must remain positive (above simulated ambient)
at all times to prevent ambient air from entering the fuel system.

‘ o The IGG product gas oxygen concentration must remain below 9% 02 at
all times.

o The fuel system ullage oxygen concentration should be reduced below
%% 02 as soon as possible and maintained below 9% thereafter.

1.3 Report Organization

Performance data were obtained on a Clifton molecular sieve unit and an
AiResearch permeable membrane unit; each O0BIGGS was then compared with each
other and with other fuel tank fire protection concepts. The units tested are
described in Section 2. The facility used to obtain the performance data,
including instrumentation and data acquisition characteristics, is discussed
in Section 3, Performance of the units for both steady state operation and
simulated missions was of interest; the test procedures followed to acquire
this information are outlined in Section 4. An extensive amount of
performance data were obtained. As the tests proceeded, changes 1in
performance and unit malfunctions, as well as basic performance data were
important results from the test program. These results are summarized in
Section 5, The comparison between units is given in Section 6. Finally,
conclusions and recommendations are presented in Section 7.
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2.0 DESCRIPTION OF PMIGG AND MSIGG UNITS

The focus of this study was the performance of molecular sieve inert j3as
generator (MSIGG) and permeable membrane inert gas generator (PMIGG) units,
Accordingly, a brief description of the units is provided below, discussing
their methods of operation, similarities, and differencas.

2.1 Permeable Membrane Unit

imposing a

The permeable membrane reduces the oxygen content of air by
relatively high differential pressure across an array of hollow fiber
membranes, The unit tested in this program had the high pressure conditioned
air applied to the outside of the hollow fibers (externally pressurized),
while the insides of the fibers were vented to ambient pressure. The process
is illustrated for a single hollow fiber in Figure 1. As air flows around the
hollow fiber, both nitrogen and oxygen molecules migrate through the fiber
wall, but at different rates. Since the membrane material is more permeable
to oxygen, the gas on the fiber exterior becomes progressively richer in
nitragen, while the gas inside the fiber becomes oxygen enriched. An actual
separation unit has many hollow fibers manifolded together (4 million per
mrZiule) to achieve the required oxygen concentration and flow rate of the
product (inert) gas. A diagram of a complete permeable membrane air
separation module (ASM) is shown in Figure 2. The fiber bundle is 8.5 inches
in diameter, and the overall diameter is 10 inches including the pressure case.

A schematic and photograph of the PMIGG unit, as tested, are shown in Figures
3 and 4. The PMIGG unit consisted of five ASM's manifolded in parallel with Wy
each ASM containing an 8.5-inch diameter fiber bundle. This particular unit .
is rated at approximately one-half the capacity required for a KC-135, as
discussed in Section 1.1. A full size unit would require 10 8.5-inch dia.
ASM's or five 13-inch dia. ASM's as originally planned.

Referring to Figure 3, the inlet air (simulated air cycle machine outlet) iz{
first flows through a water extractor which is required to remove liquid water §§:
under certain high dew point conditions. Next is a particulate filter to Fkt
prevent clogging of the ASM's, followed by a dual pressure regulator. The ﬁ::f
dual pressure regulator operates at two different pressure settings for both I{t,
high and low flow modes and is actually a PSID reguiator referenced to waste ?3
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Figure 3. Schematic of a 5 Module PMIGG
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presisure, Consequently, the regulator controls the differential pressure
across the fiber bundle,

Thermal 1insuiation was added to the unit to minimize heat transfer when
testing at temperatures above or below ambient.

2.2 Molecular Sieve Unit

An MSIGG consists of two or more canisters filled with a zeolite material
(these canisters are termed "beds"); the zeolite preferentially adsorbs oxygen
from high pressure air. Consider for simplicity a two bed MSIGG (Figure 5).
Air flows through the first bed where the zeolite adsorbs oxygen from the air
and nitrogen rich gas is produced. Since the zeolite has limited capacity,
when the limit of oxygen adsorption is reached, the second bed is activated
allowing the first to be purged of adsorbed oxygen. The beds are
alternatively on and off 1line; the off-line unit is purged by pressure
reduction and by a small wash flow of nitrogen enriched air produced by the
on-line unit. In application, more than two modules can be used by providing
properly sequenced inlet and exhaust valves.

A scrematic and photograph of the MSIGG unit, as tested, are shown in Figures
6 and 7. The MSIGG unit consisted of eight beds of sieve material manirolded
in parallel with each bed containing 50 pounds of sieve,

Referring to Figure 6, the inlet air first passes through a coalescer filter
to remove particulates and extract 1iquid water from saturated inlet air, The
air next flows through a differential pressure regulator which is referenced
to waste pressure thereby controlling the difference between inlet and exhaust
pressure (i.e, pressure swing). The regulator setting is controlled by a
digital control system (part of the MSIGG unit). This digital control system
provides for six different pressure settings as a function of altitude, bed
temperature, and descent switch setting (Table 1). The regulated inlet air
then enters each of the eight beds through inlet valves, Each bed is
alternately pressurized with inlet air and then exhausted to the waste
subsystem in a staggered timing arrangement (see Appendix B) controlled by the
digital control system. Whenever a bed is pressurized, NEA flows through a
check valve to the product manifold which collects product gas from all eight
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Figure 5. Simplified 2 - Bed MSIGG Example
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; Table 1. MSIGG Regulator Schedule N
i REGULATOR PRESSURE SETTINGS (PSIG) © N
: Bed Altitude '.: .
. Tem TR
: P <30,000f | > 30,000 53
' > S4°F 43.0*/43.0* 23.0/43.0* N
! 30° - 54°F 25.9/43.0* 19.5/23.5
]
: < 30° 23.4/43.0* 18.5/22.6
|
: 3 PPM/8 PPM \
: X
; * Changed from the manufacturer’s ':‘:"
i original setting of 35.5 PSIG b
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beds. During the exhaust part of the cycle, the check valve prevents reverse
flow of NEA into the beds with an exception of a small quantity of NEA purge
flow through a metering valve (0.75 CFM per bed). This metered backflow is
designed to aid in purging oxygen from the sieve material. The product gas
pressure 18 controlled by a regulator to provide constant outlet pressures to
the simulated KC-135 fuel system.

2.3 Airplane Installation

Both of the IGG units were originally designed and sized by the respective
manufacturers to satisfy the inerting requirements of the wing tanks of a
KC-135 airplane. However, the PMIGG was actually delivered as a half size
unit, as discussed in Section 1.1. The IGG units were continuous flow units
which operated in either one of two modes. The low flow mode produced a gas

which contained about 5% oxygen and was used for scrubbing dissclved oxygen
from the fuel during climb and for tank pressurization due to fuel depletion
during the cruise portion of the flight. The high flow mode produced a
product gas which contained about 9% oxygen and was used for fuel tank
repressurization during descent.

The installation of an OBIGGS on a KC-135 is dep cted in Figure 8. More
detailed information regarding the instaliation of the PMIGG in a KC-135 is
. provided in Reference 3. The PMIGG and MSIGG units installed in a KC-135
would have several common features. Both would use ram air to cool the high
pressure, high temperature engine bleed air supply. The flow rates for the
low flow and high flow modes would be essentially the same for both units.
Both systems would use valves to control fuel tank pressures. Excess positive
- pressure would be vented overboard through a “climb" valve, while the “dive"
valve would permit ambient air to enter the fuel tank to prevent tank collapse
if the IGG unit did not maintain positive tank pressures.

The primary installation differences between the PMIGG and MSIGG on the KC-135
airplane (as designed by AiResearch and Clifton) was that the PMIGG would
require an air cycle machine as well as ram air to adequately condition bleed
air to the desired temperatures and pressures. The MSIGG would require only
ram air cooling of the bleed air, since it could operate at lower pressures

and higher temperatures than the PMIGG. However, the MSIGG would require
sequencing valves and timers,
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As these OBIGGS were designed, the KC-135 would not receive true full time
inerting. During airplane refueling, air saturated fuel would enter the fuel
tanks and the evolution of dissolved oxygen could be expected to increase the
ullage oxygen concentration above 9%. The OBIGGS were not designed to operate
while the airplana is on the ground. Thus, the ullage would be non-inert

until sometime after takeoff and until the scrub system actively reduced the
. uliage oxygen concentration,
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3.0 TEST FACILITY

The two OBIGGS were evaluated in the USAF Simulated Fuel Tank Environment
(SAFTE) simulator at Wright-Patterson AFB, Ohio. Existing USAF ground test
facilities were modified to permit simulation of typical KC-135 flight
profiles by proper time variation of:

0 bleed air temperatures and pressures;
o exhaust (ambiernt) pressure; and
0 KC-135 fuel system inert gas demand. .

This simulation concept is depicted in Figure ¢, The SAFTE facility consists
of a rectangular tank with a fuel capacity of 582 gallons, and associated
instrumentation and controls. The tank skin temperatures and fuel withdrawal
rate were computer controlled to simulate a pre-selected flight. The tank was
mounted on a piatform which provided slosh and vibration simulation. Five gas
sampling probes, which traveled vertically within the tank ullage, provided
three dimensional mapping of the ullage composition, The gas samples
collected were routed to a mass spectrometer for continuous on-line analysis,
A vacuum system was used to simulate in-flight pressure. Standard pressure,
temperature and flowrate instrumentation were provided, and the data were
computer recorded.
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3.1 Bleed Air and Waste Subsystems

Other elements of the modified ground test facilities were the bleed ajr and
waste subsystems. The bleed air subsystem is depicted in Figure 10. This
system used a 2000 psig compressor to charge a bottle farm with a storage
capacity of 8800 pounds. During testing, air from the bottle farm provided
the simulated bleed air pressure., The air was controlled by a throttle valve
and a closed loop pressure controller. The bleed air flowrate was measured
with a sonic nozzle. The bleed air temperature was controlled by an
air/glycol heat exchanger for cooling and an electric heater for heating.
Although the air was quite dry in the storage system, steam could be injected
to simulate flights through high dew point air.
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The waste subsystem is depicted in Figure 11 and maintained the back pressure
for waste gas discharge at local ambient pressure in a simulated flight,
Pressures from sea level to 46,000 feet were simulated by this system. The
waste pressure was produced by two vacuum pumps and controiled by a throttle
valve and a closed loop pressure controller. A 750-gallon reservoir dampened
pressure pulsations from the MSIGG,

3.2 Flight Simulations

Flight simulations were computer controlled to automatically position valves
and to set pressures and temperatures corresponding to in-flight boundary
conditions on both the air separation modules and the airplane wing fuel
tanks. These simulation control loops are depicted in Figure 12. Data
acquisition, reduction, and presentation were handled by the same computer.
Progress of the simulated mission was continuously monitored in the control
room and provisions were made to revert to manual controi if required.

3.3 Product Flow and KC-135 Fuel Tank Simulation

The basic philosophy behind the ground simulation of the IGG was to connect
the IGG to the SAFTE system and measure oxygen concentrations in the fuel tank
ullage space during a simulated mission profile, During this simulation, the
fuel tank was pressurized with nitrogen enriched air (NEA) from the IGG.
Since the SAFTE test tank volume was 582 gallons compared to 17,625 gallons
for the KC-135 airplane (a 30.3:1 volume ratio), a flow proportioning scheme
(Figure 13) was developed for the MSIGS in which 29.3 pounds of NEA was
expelled to the atmosphere for each pound supplied to the SAFTE tank (29.3:1
flow split). The flow proportioning scheme used with the PMIGG was based on a
15.15:1 volume ratio since the PMIGG was a half size unit, For this scheme
14,15 pounds of NEA were expelled to the atmosphere for each pound supplied to
the SAFTE tank (14.15:1 flow split).

The SAFTE tank, as configured to simulate a KC-135 fuel system, is shown in
Figure 14, A C-5 scrub nozzle was installed in the tank and operated at fuel
and NEA flowrates to match the KC-135 system design. The design flowrates for

the KC-135 were in turn based on the scrub nozzle operation in the C-5
(Reference 4) as summarized below:
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a) DEDICATED CLOSED-LOOP CONTROLLERS b) SIMULATOR SUBSYSTEMS
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Figure 12. Simulation Control Loops
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Figure 13. Flow Proportioning Scheme for KC—135 Simuiation
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25 Gallons Fuel Thru Scrub Nozzle
Pound of NtA Thru Scrub Nozzle

Climb and dive valves were provided with the climb valve set to open at 2.3

‘ 1.6 x 10°% PPM NEA Scrub Flow
Gallon of Tankage

i psig. The tank was initially fueled with JP-4 which was at least 90% air

A

saturated. .
\
9
*: Each of the two IGG manufacturers had specified different fuel system pressure
control schemes for the KC-135. This difference required separate test
- set-ups for proper wmission simulations for each 1GG system. These test
N set-ups are depicted in Figures 15 and 16 for the PMIGG and MSIGG.
Y
E 3.4 Instrumentation
:;;J, Primary instrumentation consisted of flow meters, pressure transducers,
:: thermocouples, and gas analyzers. The data were recorded on a computer data
system,
3
b 3.4 Measurement Devices
r\
2
h The total NEA (product) flow was measured by summing up to 6 individual flows
, (4 sonic nozzles and 2 laminar flow elements) and was recorded automatically
!:' by the computer data system. In general, a maximum of 2 flowmeters were used

; at any one time; during steady state performance tests, the laminar flow
" element for the demand excess flow was generally the only flowmeter used.

The product oxygen concentration was measured using a Beckman Model OM-11
medical oxygen gas analyzer. A small sample (500 mi/min or 0.001 PPM) was
transported from the [GG product outlet connection to the OM-11 through 0.031"
1.0. tubing, producing a response time better than 1 second. This fast
response oxygen signal was of value when analyzing the MSIGG with varying

-~
.

L)

»
Y

EATE

| X502,

A e

-,

R

(
oxygen concentrations. ; :
L
A mass spectrometer analyzed continuously the ullage gas in the fuel tank h
simulator during mission simulations. Five separate samples of ullage gas ,f}::
were continuously transported 1in parallel from the fuel tank to the mass o
26 &
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spectrometer. The position in the ullage at which the sample was obtained was
controlled by a probe positioning system. Any one of the five ullage gas
sample streams could be analyzed in quick succession by the mass spectrometer
which provided data on the concentrations of nitrogen, oxygen, argon, and
hydraocarbons, '

3.4,2 Data Acquisition

The test data were processed and recorded with a ModComp data acquisiton
system. A list of data channels associated with the IGG units and the mission
simulations are tabulated in Table 2. All data channels were recorded for
each steady state performance point and at regular intervals during a mission
simulation. Data not suitabie for computer recording, such as pressure
fluctuation levels from the MSIGG, were recorded on an oscillograph. The
computer acquired data were displayed in real time on two CRT screens for
monitoring by the test director. The real time information on the CRT screens
could be used to check any aspect of facility or IGG unit performance at any
time. Printout could be obtained for selected data points or for an entire
mission simulation. Data were first recorded temporarily on hard disc and
later transferred to magnetic tape for permanent storage. The majority of the
data from mission profiles were analyzed after first being plotted on a flat
bed plotter. The plotting capahility allowed conclusions on facility
operation and IGG performance to be made in a timely manner.
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4,0 TEST PROCEDURES

The test program ground rules required PMIGG and MSIGG performance data for
both steady state operation and simulated KC-135 airplane missions. The test
procedures followed for each phase of testing are described below,
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4.1 MSIGG Steady State Test Procedure %#:.
The first steﬁ in obtaining steady state performance data was to bring the E;
entire MSIGG unit to thermal equilibrium at the desired temperature. This 'éi ,
process required approximately 1 hour of operation at high product flowrates. E%,;
Thermal equilibrium was determined by monitoring four thermocouples inserted $§
into the sieve material of bed #1. These four thermocruples were spaced ﬁﬁ'
equally throughout the length of the bed. Prior to testing, all four f:i
thermocouples were required to have a total variation of not more than 5%F, &'
During all steady state tests of the MSIGG, the test variables (inlet pressure N
and temperature, waste pressure, and product flowrate) were controlled -1
manually by adjusting the set point controllers until the desired values Ej
appeared on the CRT screens. For most steady state tests, the inlet pressure $3
regulator was overridden; thus, the regulator remained wide open at all times C{

; allowing the bed inlet pressure to be controlled directly. EEA
Since, during the operation of the MSIGG, the pressurization of each bed ,KE.
caused the inlet pressure to momentarily “sag“, a test was conducted to 'i'
determine the performance sensitivity to inlet pressure fluctuations. During i
these tests, orifice plates were installed in the inlet piping to simulate si

flow restrictions caused by a ram air heat exchanger that would be required in

; an actual aircraft instailation. ?f
: 4.2 PMIGG Steady State Test Procedure ing
\ The first step in obtaining a steady state performance data point was to bring 'j_
; i
the entire PMIGG unit to thermal equilibrium at the desired temperature. This s
. process required up to 2 hours at high flow conditions. During all steady ;ﬂ
. state tests of the PMIGG, the test variables (such as inlet pressure and 1
. AU
! temperature, waste pressure, and product flowrate) were manually controlled. ;E.
!
: R
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Set point controllers were adjusted until the desired values appeared on the
CRT screens. For most steady state tests, the dual pressure regulator was
overridden (causing it to remain wide open); therefore, ASM inlet pressure

-

could be controlled directly.

4.3 MSIGG Test Procedure During Mission Simulations

TR x

During a mission profile, three variables were controlled while testing the
MSIGG: inlet temperature, inlet pressure, and waste pressure. The inlet
temperature profile was programmed to match the theoretical ram air heat
exchanger outlet temperatures. This ram air heat exchanger was designed to
regulate outlet temperatures to 40°F but could not maintain this temperature
when free stream ambient was near or exceeded 40%°F. A schedule of heat
exchanger outlet temperature versus time was calculated, and the MSIGG inlet
temperature was controiled to this schedule during the KC-135 mission
simuiation (see Appendix E).

The inlet pressure to the MSIGG was based on engine bleed air pressure minus
the pressure drop through bleed piping and the ram air heat exchanger. These
values were calculated, and a schedule of bleed pressure was developed for the
KC-135 mission simulation (see Appendix E). The proper inlet pressure was
obtained by adjusting a valve in the bleed air line to provide the same
pressure decrease as the ram air heat exchanger.

The MSIGG waste pressure schedule simulated ambient pressure for the altitude
of interest. The proper demand for product flow was provided automatically
during a mission simulation by the two sonic nozzles for the scrub and high
flow systems connected to the simulated KC-135 fuel tank.

)
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4.4 PMIGG Test Procedure During Mission Simuiations o

Yol
During a mission profile, three variables were controlied for the PMIGG b
tests: inlet pressure, inlet temperature, and waste pressure. The air cycle ;ﬁﬂ
machine, as designed, provided a constant outlet temperature of 75°%F.  The g;
air cycle machine outlet pressure, however, depended on many variables. A ié
simplified algorithm was devised to allow the computer based control system to i‘:
dynamically compute (during the actual mission simulation) the inlet pressure ﬁ%

3
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set point as a function of altitude and descent switch setting (see
Appendix E). This scheme was necessary because accurate predictions of the
time when the descent switch settings would change were not possible. The
waste pressure schedule simulated ambient pressure for the altitude of
{nterest. The proper demand for product flow was provided automatically
during a mission simulation by the scrub system and the demand regulator as
the mission simulation proceeded.
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§.0 TEST RESULTS
5.1 MSIGG Performance Test Results

5.1.1 Steady State Performance Envelope

The performance characteristics of the MSIGG, using the standard steady-state
test procedure, are presented in Figure 17. Appendix F is a compilation of

raw data for all steady state MSIGG tests. There are two fundamental trends
to note:

o The product oxygen concentration decreased as the bed inlet pressure
increased but with a steadily diminishing return.

o For a given inlet pressure the product oxygen concentration increased
as the product flow rate increased.

The effects of temperature on MSIGG performance are shown in Figure 18 for 3
and 8 PPM flow rates. Data at other flow rates exhibited the same trends. As
noted in Figure 18 the oxygen concentration in the product stream increased
markedly with increasing temperature while the recovery showed only a slight

‘ Y P
j A
2 o1 | XASEAE

increase (product fiow rate held constant). 2¢ i
ey
Attempts to operate the MSIGG at temperatures; below 30%F were unsuccessful %égf
due to valve malfunctions. These valve malfunctions also occurred at certain 5
P

combinations of high temperature and high pressure,

ATy
\\'.l‘lﬁ
Al .

7%

The effect of altitude on MSIGG performance is shown in Figure 19. As
indicated in the figure, an improvement in product quality (lower 02

‘3

!

[\'_ Q
concentration) occurred as operating altitude increased. The improvement was :ﬁ}
greatest at lower input operating pressures (20 to 30 psig) and almost 1’3
negligible at 55 psig. There was also a slight increase in recovery at higher it;;

altitudes. The performance improvement at altitude means that the IGG can be

operated at a lower pressure and still maintain acceptable NEA quality and
flow rate,
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5.1.2 Moisture Sensitivity

The objective of this series of tests was to determine {1f the MSIGG
performance degraded due to poisoning of the sieve material by water in the
bleed air., The sieve material, 4A zeolite (also used to dry compressed air),
will preferentially adsorb water over oxygen. Concern was expressed that
. water in the bleed air will permanently poison a portion of the zeolite and

degrade performance.

From Reference 5, the highest ambient moisture content anticipated for
military aircraft is 180 grains of water/1b of dry air; the highest ambient
' moisture content anticipated for military aircraft. Ambient moisture is
. compressed and heated by the engine compressor, but no condensation occurs
until the bleed air is cooled below the dew point by the ram air heat
exchanger, The set-up used for these tests produced IGG inlet temperatures,
pressures, and dew points matching those downstream of the ram air heat
exchanger, Detailed information is available in Appendix C.

Table 3 is a summary of the test conditions and procedures used. These tests
were designed to assess the transient, steady state, and permanent degradation
caused by moisture in the bleed air. These tests began with the least severe
test (i.e. lowest moisture content) and gradually changed procedures until the
IGG had been tested under the most severe conditions that could be envisioned
in actual aircraft operation.

v
.
~
b
]
N
-
»
.
i

A1l of the moisture tests involved the following procedure:

0 Establish dry steady state performance at the desired input pressure,
temperature, and product flowrate,

0 Bring the iniet dew point to the desired level and maintain for a
period necessary to achieve equilibrium.

0 Return to the injtial dry steady state performance.

M

‘ﬂ?

LY ')
N
el
For all of these tests the product oxygen concentration was used to monitor ijﬂ
any changes in performance. Results from a typical moisture test are shown in N
Figure 20. Detailed results from all the moisture tests are provided in e
N
Appendix C. T
o
D
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Table 3. Summary of MSIGG Moisture Test Conditions

KON .
“:.‘-\'Nb'-'v' ‘ Pt
A A AR AN S

Dew Moisture | Product

Temp - Content Flow Test g -
(F%) P(g::r)\t (Grains) | (PPM) | Procedure Description é.
75 60 22.8 8 A Dry-Near Saturated-Dry o
100 90 62.1 8 A DOry-Near Saturated-Dry $

o
XN
A
120 110 115.8 8 A Dry-Near Saturated-Dry X
120 110 115.8 3 A Ory-Near Saturated-Dry
e
120 120 1367 8 8 Dry-Near Saturated-Dry \gg
L
156.7 Cold Hot R
40-1 - -D
0-1201 120 8 c Dry “Saturated™ ~ Y Y
Wet =
156.7 Cold Hot -
40-120| 120 8 D ] - Shutdown-Dry N
Ory Saturated 16 Hours -!::2
' Wet RS
156.7 Cold Hot RS
40-1201 120 8 O |ory saturated “Sh¢fslown-Dry S
Wet I
156.7 Cold Hot -4
40-120| 120 8 D - - Shutdown-Dry e
. ,:\
(> Moisture content of the bleed air, in the vapor phase, in grains per pound of dry -
air, LA
(> For all saturated tests, additional liquid water was collected from the coalescer :
filter at the rate of 30 to 40 grains per pound of dry air. This resuited in a total O~
(vapor + liquid) moisture content of 190 to 200 grains. ol

(Inlet pressure was 35.7 PSIG and waste gas vented to ambient for all tests.)

D See Appendix C for description of procedures.
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‘_ i 12
» S UNCORRECTED DATA
]
. 8
- ac
a
i n
’ ' 130 - STEAMON STEAM OFF
| |
s o 120 - N
o
| e
) 3 1Mor
. o)
' a
; S 100
. )
i m I
' 80 L
1
»
E 170 UPSTREAM BED
TEMPERATURE Conditions:
l 160 -~ ® REGULATOR
' QUTLET PRESSURE = 35.7 PSIG
" 160 }- & WASTE PRESSURE = 14.45 PS14
OOWNSTREAM ® PRODUCT FLOW RATE = 8.00 PPM
BED TEMPERATURE e 3344 9rdrained
® CONDITION 120/120/8 (SEE FIGURE 21}
@ 130
<
w
€ 120 e
h : REGULATOR
OUTLET
T -
W no TEMPERATURE
:
“ 100}
80 —
-
eoLLnll1[:11;-!L_Lln_LlnnlilelLJ.liL
9:00 *30  40:00 10:30  11:00 1:30  42.00 12:20 1:00 1:30 2:00 2:30
TIME OF DAY (hermin)
Figure 20. Typical MSICG Muisture Test Results
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A summary of the moisture test results is presented in Figure 21 and Table 4,
Figure 21 summarizes the transient and steady state changes in MSIGG
performance during the period of time when the bleed air contains significant
quantities of water., Note that as bleed air moisture content is {ncreased,
the change 1in product oxygen concentration becomes greater until inlet
conditions reach saturation.

A single test was conducted at 3 PPM to determine if product flow affects the
sensitivity to moisture. As can be seen in Figure 21, the performance change
at 3 PPM versus 8 PPM is reduced exactly by the ratio of 3/8., This ratio
suggests that at higher product flowrates, water is driven farther into the
beds and reduces the efficiency (temporarily) of more sieve material,

Table 4 summarizes the performance, before and after each moisture test, at
120% with dry air and 8 PPM product flowrates. Note that the corrected
product oxygen concentration varies with no definite trend, indicating a
certain amount of data scatter, From the data in Table 4, 1t is difficult to
draw any conclusion about a permanent change in performance, The amount of
data scatter observed, even though test variables were carefully controlled,
presents problems when looking for trends. Larger changes in performance must
be observed before any definite conclusions can be drawn, An analysis of the
accuracy and repeatability of the MSIGG product oxygen measurement is included
in Appendix D. This analysis indicates that product oxygen measurement
repeatability (test to test) would be no better than +0.2% 02 and could be
worse when considering the MSIGG valve problems and measurement problems
associated with measuring fluctuating pressures,

The following results may be observed based on a review of the data tables and
plots mentioned:

0 The MSIGG performance does temporarily degrade due to unsaturated

moisture levels in the bleed air. Performance returns to normal with
dry bleed air,

0 Saturated or super-saturated bleed air moisture levels actually cause
a performance improvement due to a drop in bed temperature.

o Significant bed temperature changes are produced when bleed air
moisture levels are changed or reach saturation,
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;
i
X
| N ( 9r ) Maximum gross A% Oy Steady state,.temperature
i . Condition 1o dry sir during initial transient corrected, 4% O,
i 76/60/8 228 +0.30 +0.16 W
‘
]
»
3 100/90/8 82.1 +0.58 +0.24
! p©
. 120/110/8 115.8 +0.80 +0.40
v
.‘l
»
- 120/120/8 | 156.7 gr vapor
; {saturated) | 33-44 gr drained +0.70 +0.30
. y
Q 120/110/3 116.8 +0.30 +0.15 ®
N
~
X
SATURATED AT
.. 49.7 PSIA l
P-, 1.0 |
) rd
v Tt ’i‘\
", i N (A
) . \
< 037 |
~ e \
o = oébﬁ l \\
a *
i 3 £ l \
; s T | ®
. ” |
-
S I |
3 |
8 o ‘gPPM
L os— p% 02
cTeY
8 [~ - l S~ ~-
2 | ®
[
X '
e ~ B MAXIMUM |
3 PPM '
|
- (8} STEADY :
i STATE
3 PPM I
0 R WS N T N N W W U N J I T l 'L Lt l
0 80 100 160 20
BLEED AIR MOISTURE CONTENT (gr/b dry air)
Figure 21. MSIGG Moisture Produced Transient Performance Change j::j
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Table4. Summary of MSIGG Moisture Test Results
0y
.
; .
‘ Test Product % O3
o Date Condition
;:.
>
o 13 Dec83 120/110 12.62 (Before)
> 12.57 (After)
! 16 Dec 83 120/120 12.44 (Before)
> 12.62 (After)
; 19 Dec 83 40-120/120 | 12.47 (After)
20 Dec 83 40-120/120 -
Off 16 Hrs -
21 Dec83 120° Dry 12.58 (After)
22 Dec 83 40-120/120 -
Off S Days -
27 Dec 83 120° Dry -
6Jan 84 120° Dry 12.86 (After)
6Jan 84 40-120/120 -
Off 3 Days -
9jan 84 120° Dry 12.74 (After)

PRODUCT % O2 CORRECTED TO:

D REGULATOR QUTLET PRESSURE = 35.7 PSIG
PRODUCT FLOWRATE = 8 PPM
AVERAGE S8ED TEMPERATURE = 120°F
WASTE PRESSURE = 14.40 PS1A
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No significant permanent shift in performance was observed during the
2 months of moisture tests.

o The tests conducted were probably not adequate to determine if
moisture will cause long term degradation. With the product oxygen
repeatability problems encountered, a long term moisture sensitivity
test (lifetime of MSIGG) is required to determine if longer term
degradation is taking place.

W s o ——— . -
[=]

5.1.3 Performance vs. Operating Hours

™ TR X S o
L4 "

The performance of the MSIGG was periodically checked in tests conducted from
19 August 1982 through 19 January 1984. Steady state performance was
determined at various combinations of inlet pressures and product flowrates.
A comparison of these data at different times was used to identify long term
performance changes over the 387 hours of MSIGG operation. An analysis of
these data is presented in Figures 22 and 23. Several trends were noted as
operating hours accumulated on the MSIGG:

LKW ARAR oV altul pUR SRR ¢ UR R

o The inlet pressure required to produce a specific product flow and
oxygen concentration generally increased with time and showed a

Hal

marked increase after the moisture tests (Figure 22).

o The bleed air flow rate (input to the MSIGG) for a fixed inlet
pressure and product flowrate steadily decreased with time (Figure
23). These changes were significant and occurred throughout the
entire MSIGG test program, not just after the moisture tests.

o Even with the changes in bleed air pressure and flowrate noted above,
the productivity (input/output ratio at fixed product oxygen
c¢oancentration) remained largely unchanged. Even though the MSIGG
required a higher 1inlet pressure, the MSIGG did not require an
increase in bleed air flow to produce a specific product fiowrate and

SIS - At SEOL R P

oxygen concentration (Figure 22).

k
;
3
b
:.

As discussed in Section 2.2, the MSIGG utilized a separate inlet and exhaust

valve for each of the eight beds for a total of 16 valves. These valves AN
WS
proved to be unreliable as they were designed. On several occasions, either a ;{b

[

23

complete failure or sluggish operation of the valves was encountered. The
inlet and exhaust valves were specially developed by Clifton Precision for

l’l' ..;
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0.40 r
8PPM @ 9% O,
030} - ' /
0.20¢ 3PPM @ 5% 0,
RECOVERY /
010}
0 e b - e . B
100 200 300 400 500
MSIGG OPERATING HOURS
50 ¢ 8PPM @ 9% O,
40

INLET PRESS -
PSIG

30

20

10

LEGEND

O 30 August 1982
13 September 1982
A 15 October 1982,
(S months down, valve repairs)
0 22 March 1983,
{6 months down)
<> 29 September 1983,
(Endurance Tests)
&> 25 November 1983
{(Moisture Tests)

@ 18 January 1982

e - " n i

100 200 300 400 500
MSIGG OPERATING HOURS (FROM AUG 82 TO Jan 84}

Figure 22, MSIGG Performance VS Operating Hours
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- Legend:
i " @ 30 August 1982
(® 13 September 1982, 58 hr

[~ A 15 October 1982, 89 hr
. 20 (6 months down, valve repairs)
(8 22 March 1983, 136 hr

{8 months down)

<& 29 September 1983, 179 hr
{moisture and endurance)

L (& 16 January 1984, 387 hr
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= ® Data corrected to—
e 14.7 PSIA waste Dressure
10— * 75°F bed temperature

T

T T Y Y F S TER U™ TV T T UL UL Ty WS T Y Y A

1 ! L ] 1 l 1 1 1
20 30 40 50 60
REGULATED INLET PRESSURE {PSIG)
Figure 23. Chances in MSIGG Bleed Air Requirements
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this application. Each valve was a fast response, high flow, pilot operated,
diaphragm valve. The pilot valve was a small commercial solenoid valve
installed in the body of the main valve. After the first valve failures were
encountered, the main diaphragm valves were redesigned and modified by Clifton
Precisfon. This redesign succeeded in eliminating some of the problems with

the main diaphragm valve but subsequent test experience indicated that
diaphragn life is approximately 100-200 hours (50,000 - 100,000 cycles). The
commercial solenoid pilot valves caused erratic operation of the main .
diaphragm valves throughout the entire test program, requiring frequent
disassembly, cleaning, and lubrication 1in order to obtain repeatable
performance data. These particular pilot valves proved to be completely
unacceptable for this application.

5.1.4 Discussion of Performance Changes

A theory is offered here to explain observations. Throughout the test series
{not just during moisture tests), moisture entered the MSIGG and contaminated
progressively more sieve material. The moisture entered via the inlet air or
through open or removed valves. The water molecules permanently occupied
sites in the sieve material and thereby reduced the ability of the sieve to
adsorb oxygen molecules. This moisture contamination caused the beds of the
MSIGG to have progressively less effective sorbant area and is consistent with
the observed drop in bleed air flow at a specific inlet pressure. Note in
Figure 23 that at product flowrates of 0.1 PPM (effectively zero), the
decrease in bleed flow suggests that the beds could not hold as many adsorbed
gas molecules and thus the beds operate as if they were smaller.

5.2 PMIGG Performance Test Results

5.2.1 Steady State Performance Envelope

AR | ST I

The performance of the PMIGG was evaluated under steady state conditions to
determine the effects of inlet pressure, temperature, altitude, and product :
flow rate on recovery and product oxygen concentration. Basic performance
tests were repeated periodically throughout the duration of the entire test
program in order to track any loss 1in performance. The {initial basic
performance is presented in Figure 24, Appendix G is a compilation of raw
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data for all steady state PMIGG tests. There are two fundamental trends to
note:

Ev‘mwﬂ-mmmmﬂv.vqwmfﬂh LEURWAY ] A W0 LA A A LARVA T IR I BT RO AR T S W S S S MY S EmS EE BRSSO e B TS

(1) As inlet pressure is increased, the product oxygen concentration
decreases but with a steadily diminishing return.

(2) As product flow rate increases, the product oxygen concentration

increases.
> The effect of temperature on PMIGG performance is shown in Figure 25 for
Q product flow rates of 1.5 and 4.0 PPM. Data at other flow rates exhibit the

same trends. Note that as temperature is increased, the performance improves
(i.e. the product oxygen concentration decreases) but the recovery decreases.
The manufacturer has chosen 75°F as the operating point based on a trade-off
of performance, efficiency and fiber life. The fiber life is reduced at
higher temperatures and pressures (Reference 1). Consequently, no attempt was
made to operate the PMIGG at temperatures above 75°F,

The effect of altitude on PMIGG performance, at 1.5 and 4.0 PPM product flow
rates, is shown in Figure 26. Note that at operating pressures of 75 to 80
psig, there is only a1 slight improvement in performance as tne waste pressure
is decreased. This means that the performance is a function of only the
operating pressure difference between inlet and waste and is independent of
altitude.

5.2.2 Moisture Sensitivity

———p— =+
v

Lo LT Y YIERT

o

The PMIGG was tested over a wide range of inlet air moisture contents in order
to assess the effect on PMIGG performance. The following areas were
investigated:

0 The effect of moisture on module productivity and recovery.

M

o The effect of moisture on module differential pressure (inlet - E%S
product pressure). é

BNty

o The moisture separation efficiency of the PMIGG (product gas dew ;f;
point versus inlet gas dew point}). ;fj
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Tests were conducted with the inlet air dew point near saturation as well as éi;

saturated. Steam was added to the inlet air until the desired dew point was :;b

obtained at the iniet to the PMIGG. The PMIGG performance and product dew 'Rﬁ

point were then recorded. During tests with saturated inlet air, liguid water 1£l§
was collected at a measured rate from the water extractor, filter housing, and ﬁﬁg,-

filter outlet. ‘%

The results of PMIGG moisture tests are presented in Table 5 and can be “‘;

summarized as follows: i'

'\

L\,.\

o Moisture does not measurably affect productivity, efficiency, or :i:

module differential pressure,

o The PMIGG does separate moisture to a limited degree. The product
gas moisture content ranged between 7 and 33 percent of the inlet air
moisture levels,
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5,2.3 Endurance Tests and Performance Degradation

5.2.3.1 Performance Versus Operating Hours

Numerous performance tests were performed on the PMIGG over a 19-month period
from December 1982 through August 1984, The tests invclved perforisance
- sensitivity to such variables as inlet pressure, inlet temperature, inlet
moisture, altitude, product flow rate, and also included mission simulations
and endurance tests. Throughout the PMIGG %test program, the performance of
the PMIGG was monitored by repeatedly conducting a basic performance test.
Data from these tests are presented, in Figure 27, as product flow, waste
flow, and recovery versus operating hours, A gradual shift in performance is
evident as operating hours were accumulated. A near continual degradation in
performance is evident for the first 272 hours of operation (down to 71% of
initial performance).. The PMIGG manufacturer suspected that the degradation
problem was partially due to a relaxation of the wrapping material which holds
the fibers in a tight bundle. After the manufacture of these perreable
membrane modules, the manufacturer developed an improved wrapping material.

]

l

)

|

]

]

;

i Another suspected cdause of degradation was an unbalanced condition between the

( five modules, Optimum performance is obtained if each module has the same

i product gas oxygen concentration. It was decided to re-balance tne five

i modules, to determine what portion of the degradation was attributable to an

; unbalanced condition, if any. The results at 276 operating hours indicated
that a significant amount of the observed degradation was regained by 2 simple
re-balance {back to 82% of initial performance).

The five modules were then retrcfitted by the manufacturer with the improved

wrapping material., The immediate effect of the new wrapping material is shown

at 290 operating hours, bringing the PMIGG performance back to within 90% of

init1al performance. The effect of retrofitting with the improved wrapping

material is also shown in Table 6 as inrdividual module performance before and .

after the re-wrap. o
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To determine if the improved wrapping material would prevent further
degradation, an additional 250 hours of operation were accumulated.
Performance tests were conducted approximately every 50 hours. These data are
presented in Figure 27 between 290 and 546 operating hours, MWhile these data
show slight variations in performance (both up and down), there was no

significant chanje; and the earlier trend of performance degradation was
halted.

5.2.3.2 Performance Versus On-0ff Cycles

At the time the five permeable membrane modules were re-wrapped, the
manufacturer indicated that degradation can be significantly affected by rapid
increases in inlet pressure during start-up. No prior indication of this
problem was given in Reference 1 or otherwise. Indeed, the manufacturer has
now indicated that start-up time is the single most significant variable
affecting fiber lifetime. Ouring the first 272 hours of operation, the PMIGG
had undergone many ON-OFF cycles with the inlet pressure rise time being an
uncontrolled and unrecorded variabie. It is likely that during this period,
many start-up cycles were fast enough to cause degradation. To assure that
this problem did not recur during the endurance tests from 290 to 546 hours,
start-up cycles were done gradually over a 50-second period, to determine the
effect of operating hours only, The PMIGG, as designed by the manufacturer,
was intended to be started by a quick opening valve at the inlet to the
modules. To demonstrate a definite sensitivity to rapid inlet pressure rises,
tests were performed monitoring performance versus the number of ON-CFF
cycles. During these tests a ball valve immediately upstream of the modules
was quickly opened to produce rapid inlet pressure rise times (< 1 second).
This rapid start-up is termed a “hard start." The unit remained pressuri zed
for 30 seconds, after which time the iniet valve was closed for a 60 second
period while the pressure vented to ambient. The total cycle time was 90
seconds resulting in a tcst which yielded 40 "hard start" ON-OFF cycles per
hour. The data from the “hard start” ON-OFF cycle test are presented in

Figure 23 and s' w a 38% drop in performance after only 250 cycles, confirming
that "hard starts" should be avoided.
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CONDITIONS
35 |- ® INLET PRESSURE =855 PSIG
® INLET TEMPERATURE = 75°F
® PRODUCT OXYGEN = 9%
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Figure 28. PMIGG Performance VS “Hard Start”” On—Off Cycles
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5.2.3.3 Discussion of Performance Changes

« %% " TR N

The data gathered during this test program indicate that the PMIGG is
extremely sensitive to rapid pressure increases during start-up. These “hard
starts" create excessively high pressure differentials across the fiber
bundle, perhaps causing the fiber bundle to “balloon”. The ballooning
mechanically breaks fibers and/or causes flow channeling through the bundle,

oA S TR Y

The sensitivity to "hard starts" will require that a “soft start" (slowly
increasing pressure) criterion be developed. This criterion demards that the
mechanical valves and regulators upstream of the modules be designed to slowly
‘increase inlet pressure, The PMIGG manufacturers may need to define a fiber
i bundle differential pressure that should not be exceeded during start-up.

LPRSRT GF a  Ph R i

f 5.2.4 Performance Tests of “New" PMIGG Modules

As a result of the performance degradation noted previously in this report,
five (5) “new" PMIGG modules were obtained from DOW Checmical on a loan basis
for the purpose of testing under conditions similar to those that caused the
degradation of the original modules. DOW Chemical believed that the design
and manufacturing refinements incorperated in the "new" modules would :
eliminate any of the degradation experienced previously. 5f

2T

VTR LY,

(.
: The testing focused on three areas: (1) the performance envelope as compared €]
' to the “old units"; (2) the performance stability versus time without “on-off" i.!
t’ cycling; and (3) the effect of “on-off" cycling using “soft starts". It was :

" understood that start-up times must be much slower than were used in tests of
the “o1d" modules.
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5.2.4,1 Performance Versus Operating Hours

o
h
LVENDN

A total of 250 operating hours were accumulated on the "new" modules. This

total includes the operating time required for the performance envelope and E{
the cycle testing. Performance over this 250-hour period is shown in Figure [f}
29 and indicates that the performance improved significantly after 20 hours of EQ;
operation. o
L]

o

!

60 K

P ST T S RS S S B T T e R SRR L, T, .'.".'
Eﬂ:‘q:'-{uhhs'ﬁn."-\.-\\--'-i"!."-n" ] .\‘-N n‘:s\ I NI AP AL S DAL S R AU P i Tl e ————————— b —— MPISUPNIPR LIS




g
3

e N a VI YU T NI TSN IXNING v

;
w
:

Ad3A003H

oV

o

ot

ov

09

Inop bunesadQ SN 3uewW 04194 DOINS .. M3N,, 62 21nbI4

SHNOH ONILVYIJO

1)°14 00z 051 0ot 0Ss 0

ﬁl

— \J T LINL — A v LI _ ¥ ¥ LENLAEE L T ) L] — LA} LI

$370A0

14v1S—140S 1
000'3

z MO4

- 0%s
A5l

- 0ISd 568 -
49 AHIAOD3H

- Zoxe MOT4

-]
91Sd 558 (AH3IA0D3Y B & &

\ tata gt g N S K ROy . WD A TR,

{Wdd) MOTd 10NA0Hd




PN

X TR T I aead it AN L Fy- prrclias But e B0 £ tte bt ol ip A e BNt 0ty a0 giy i Bie A0 il Jon AN

DOW believes that a period of non-use (approximately 2 months in this case)
causes a temporary drop in performance which is recovered after a few hours of
operation (20 hours in this case). The reascn for this phenomenon is not
known. Furthermore, this initial performance lag followed by improvement has
not yet been shown to be repeatable. Additional testing may be required to
fully characterize this phenomenon.

The perfurmance data presented in Figure 29 indicates no discernible change in
performance after the first 20 hours of operation. The degradation
experienced previously with the “old" PMIGG modules is not evident over the

250 hours. Note that periods of non-use did not exceed 3 days durinc testing
of the “new" PMIGG'S.

5.2.4.2 Steady State Performance Envelope

Performance tests on the "new" PMIGG modules were performed as a means of
directly comparing the performance of “new" versus “old" PMIGG modules, There
were no altitude or temperature sensitivity tests performed since these trends
were not expected to change. The raw data from these performance comparison
tests are included in Appendix G, The performance of the "new" modules is
directly compared to that of the "old" in Figure 30. Note that the
performance of the "new" modules is not as good as the "o1d" modules before
the "o1d" modules degraded. The tests were performed on the “new" modules
after 80 operating hours had been accumulated and performance had stabilized,

5.2.4.3 Performance Versus ON-QOFF Cycles

The adverse effect of “on-off" cycling was the primery motivating factor in
deciding to perform tests on the “new" modules. The data on the "o'd" modules
had previously established the fact that short start-up times (on the aorder of
one second) produced a rapid deterioration in performance. The manufacturer
believed that if the start-up time was lengthened, the degradation could be
eliminated. DOW could not provide a fiber bundle differential pressure limit
for the “soft start” cycle (i.e. how fast to open the inlet valve). However,
it was felt that if, during start-up, the fiber bundle differential pressure
did not exceed its steady state value, the “soft start" cycle should not
produce any deterioration. Figure 31 describes the "soft start" cycle used
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throughout these cycle tests. The "soft start" iniet valve was controlled so
that i1t opened in 95 seconds. Faster valve opening times could rot be used
without exceeding the steady state module differential pressure. The entire
Yon-off" cycle required 95 seconds for the valve to open, 25 seconds of stable
PMIGG operation, and 60 seconds with the inlet valve closed to allow the PMIGG

to depressurize. This cycle was repeated at the rate of 20 cycles per hour
via an automatic control system.

A total of 1000 cyclies were accumulated using the "soft start® cycle described
in Figure 31. Performance was measured at least every 100 cycles to detect
any gradual degradation. The results of the 1090 cycle test are presented in

Figure 32, There were no discernible changes in performance over the entire
1000 cycles,

5.2.4.4 Discussion of Results

The primary objective of these tests with the “new" PMIGG modules was to prove
that “soft starts" would eliminate any degradation caused by “on-off"
cycling. The results have supported this objective. However, shorter
start-up times (i.e. < 95 seconds) wouid be wuseful in an aircraft
application, There was no attempt made during these tests to determine the
maximum allowable fiber bundle differential pressure during start-up, If
start-up times on the order of 95 seconds are objectionable in certain

aircraft applications, further testing may be required to optimize the
start-up time.

The differences between “old* and “"new" module performance are attributed to

differences in design and construction. The “new" modules were designed to a
slightly different specification by Dow,

There remains an unanswered questicn regarding the "break-in" phenomenon, and
whether this phenomenon will be repeated each time the modules are unused for
a period of time greater than & few days., The modules tested here had besn
“on-the-shelf" for approximately 2 months and required 20 hours of operation
before acceptable performance was obtained. This necd for a ‘break-in* period
could not be tolerated in an ajrcraft application each time the PMIGG unit was

“off* for a few days or weeks, Additional testing is required to fully
characterize this phenomenon.
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5.3 MSIGG/KC-135 Mission Simulation Results

This section describes the performance of the MSIGG in the simulated KC-135
mission in terms of meeting the requirements for keeping the tank ullage inert.

5.3.1 Mission Profiles Tested

Due to a limitation of the computer data system, it was convenient to limit
the mission profile length to less than 300 minutes. The original mission
length (see Appendix E) was reduced from 306 minutes to 286 minutes by
reducing the cruise portion (between 240 and 260 minutes). (The cruise
portion of the flight presents a steady state condition; therefore, this
reduction should not affect the test results)., This 286 minute mission was
labeled XC-135 Mission A. A second mission, labeled KC-135 Mission B with a
duration of 293.3 minutes, was also used to simulate a slower descent rate.
These missions are compared graphically in Figure 33,

5.3.2 Results with Baseline 286 Minute KC-135 Mission A

The results of the 286-minute KC-135 Mission A simuiation are presented in
Figure 34 (more detailed data are available in Appendix H) and indicate that
the ullage oxygen concentration dropped below 9% within 25 minutes and stayed
below 9% for the balance of the mission. However, surge tank pressure dropped
below ambient an/. MSIGG product oxygen concentration rose above 9% during *two
descents near toe end of the mission. Since these conditicens were not
consistent with the criteria in Section 1.2, three changes were made to
improve MSIGG performance:

The MSIGG regulator inlei pressure setting was increased for the high
flow descent mode. 3teady state performance data indicated that the
pressure regulator setting should be increased from 35.5 psig to 42
psig in order to maintain the oxygen concentraticn below 9%,

In order to get the MSIGG into high flow mode as soon as possible,

the descent switch setting was changed to command high flow below 2.0
psig tank pressure rather than the 0 psig setting selected by the
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Figure 34. MSIGG/KC—135 Missiont A Results
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manufactui er, This change allowed more time for the MSIGG to provide
the make-up gas required during descent (i.e. get into "high gear" as
scon as possible),

o The mission was also changed to the slower descent rate KC-135
Mission B profile to reduce the repressurization flow requirements.

WPt PSS EA s ]

a

5.3.3 Results with Amended 293.3 Minute KC-135 Mission B

The essential KC-135 Mission B csimulation results are presented in Figure 3% '

(more detailed data are presented in Appendix H). Inspection of the data
reveals:

SR SRR,
[~

The ullage oxygen concentration time history was similar to that of
the KC-135 Mission A. The cxygen conceatration dropped below 9%
within 25 minutes, ctayed at approximatey 4% for most of the mission
and then climbed to 6.5% during the final descent. The increase in
oxygen centent near the end of the mission was due to the entry of
IGG product gas which was between 8 - 9% oxygen in high flow mode,
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The change made in the bleed air inlet reguiator setting (35.5 to 42
psig) successfully maintained the product oxyger concentration below
9%. Product oxygen concentration was between 3 - 4% for most of the
mission and remained less than 9% during the final descent.

o

',. /-

¢ The surge tank pressure remained positive throughout the entire
missior (minimum of +0.5 psid) as a result of the changes to the
descent switch setting and the slower descent rates.
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5.3.4 Discussion of Results ;g}
b =
. The results of this KC-135 Mission B simulativn show that the MSICG R
E performance met the criteria in Section 1.2, The changes to the descent !;
g switch and inlet regulator settings can be viewed as control system N
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adjustments that were necessary for the MSIGG tn meet performance goals., A
production MSIGG could benefit from a similar but more detailed inlet pressure
regulator control scheme. In the test program, increasing the regulator
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¥ - setting for the high flow mode had the same effect on the low flow mode due to

5 the simplicity of the regulator control scheme. This control scheme resulted

B in higher bleed air usage than was necessary in the low fiow mode.

Y

v The product flow rates generated by the MSIGG in these tests were

! significantly less than actual descent requirements. While the simulator

E mission could be modified by reducing the descent rate, the same could nct be

? done on an airplane; in fact the ajrplane should be protected during the much .
k higher rate emergency descent. Likewise, for cold day operations where more

3 product mass is required to pressurize the ullage, a larger MSIGG unit is .
Lk indicated. These observations suggest that a stored gas NEA system would be a

Ef better solution than a demand system for fuel tank inerting application. A

i stored gas NEA system would include high pressure bottles charged by c¢ompact

X compressors coupled to an I1GG. The IGG would be sized to provide both the

:S proper climb scrub flow rate and bottle pressurization rate, such that the

&E stored system could then accommedate any descent rate. This approach may have

p distinct advantages for fighter airplane inerting, where the descent rates are

o higher than in typical cargo and tanker fleets.

- 5.4 PMIGG/KC-135 Mission Simulation Results

5.4.1 Mission Profiles Tested

The same profiles used for the MSIGG were also used for the PMIGG. See

Section §.3.1 for a discussion of these missions. Other mission details are
available in Appendix E.
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5.4.2 Results with Baseline 286-Minute KC-135 Mission A

hind
A

.
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3 that the ullage oxygen concentration dropped below 9% within 27 minutes and b
stayed below 9%, as desired. However, a negative surge tank pressure occurred !5
once and a product oxygen concentration above 9% occurred three times during Zf?
the missfon. This situation was unacceptable performance based upon the E:E
criteria in Section 1.2. In order to improve performance, changes were made i;
to the PMIGG test procedure as follows: -

R
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The results of the baseline 286-minute KC fission A simulation are
presented in Figure 36 (more detailed data are presented in Appendix I). \Note
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o The simulated descent rates were decreased (i.e. slower descent
rates) to allow more time for tne PMIGG to provide the required
re-pressurization make-up gas. This change was accommodated with the
KC-135 Mission profile.

o The control for switching the PMIGG into the high pressure/high flow
mode was changed from a fuel system pressure sensor to a product gas
flow sensor, in-line with the demand regulator. Whenever demand flow
was sensed, scrub flow was turned off; thus the demand regulator
opened soaner (scrub flow delayed demand regulator full opening until
well into descent).

0 The maximum flow rate through the demand regulator was reduced
slightly to assure that the PMIGG product oxygen concentration did

not climb above 9% in high flow mode,

5.4.3 Results with Amended 293.3 Minute KC-135 Mission B

The KC-135 Mission B simulation was performed with the changes described above
and the results are presented in Figure 37 (more detailed data are presented
in Appendix I). The following is a list of observations from inspection of
data:

o The ullage oxygen concentrations were similar to those of the KC-135
Mission A. The ullage oxygen concentration dropped below 9% within
27 minutes, stayed below 6% for most of the mission and then ciimbed
to as high as 7.5% during the final descent. The increase in the
ullage oxygen concentration during descents is due to the entry of
IGG product gas which was near 9% oxygen in high flow mode.

The surge tank pressure remained positive throughout the entire
mission (minimum of +,65 psid) as a result of the changes to the high
flow control scheme and slower descents.

The PMIGG product oxygen concentration was maintained essentially
below 9% (the concentration actually increased tc 9.2% twice during
the mission for short periods of time).
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5.4.4 Discussion of Results

The resutts of the KC-135 Mission 8 simulation show that the PMIGG performance
met the criteria in Section 1,2, The changes to the high flow/high pressure
mode control (changed from a descent switch to a demand {low sensing switch)
can be viewed as a control system refinement necessary for the PMIGG to meet
performance goals. A simpler and probably more reliable control system to
regulate PMIGG operation would be one similar to that used by the MSIGG: a
single fuel system pressure switch which turns "off" scrub flow and gues to

high flow mode as soon as the fuel system pressure drops below a specified
level.

The PMIGG manufacturer has underestimated the descent flow requirements, since
the descent rates had to be decreased to maintain a pasitive fuel system
pressure. In addition, the KC-135 mission used here is not necessarily the
most severe case from a descent standpoint. This prcblem points out a need to
develop an IGG system which is not flow rate limited, such as a stored gas
system. Such a system would store enough NEA in high pressure bottles to
repressurize the maximum ullage volume auring a descent regardless of the rate
of descent,
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6.0 DATA ANALYSIS AND COMPARISONS
6.1 Compurison of MSIGG and PMIGG Performance

As discussed earlier, a number of variables affect IGG product flowrate and
quality including inlet pressure, bed temperature, and waste stream pressure,
It 1s useful to compare the performance of the two IGG units for the same
operating conditions to assess the relative airplane pepalties and
sensitivities to adverse operating environments., For comparison purposes to
the MSIGG, flow rates have b2en duubled for the PMIGG since a half size unit
was tested.

AR EEEREERINE DAAIAMARS - ¢4

6.1.1 Inlet Flow and Pressure Requirements

The inlet flow rate required to produce a given product flow rate and quality
s an important performance characterisitc; the PMIGG ASM, while operating at
a higher pressure, requires substantially less inlet air than the MSIGG due to
its higher recovery., The lower inlet air requirement for the PMIGG is
illustrated in the comparison plot of Figure 38, The PMIGG has a higher
recovery €factor or efficiency than the MSIGG by a factor of nearly 2.
However, the high pressure (75-85 psig) and constant 75%F requirements of
the PMIGG impose a bleed-air penalty for the KC-135 by making a
turbo-compressor based ACM necessary to condition the bleed air. ‘The MSIGG,
on the other hand, operates with normal KC-135 bleed air pressures. Thus, the
total PMIGG systam flow requirement is signficantly higher than that of the
MSIGG, This effective PMIGG bleed air requirement for the KC-'35 is shown in :3
the upper area of Figure 28 and indicates that for a 5% product at 3 PPM the -
bleed air flow must iacrease by approximately a factor of 4 (from 13 to 52
PPM) due to the ACM penalty, with a decrease in recovery factor from 0.24 to
0,06 (compared to 0.13 for the MSIGG). A similar trend can be seen at 8 PPM,
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6.1.2 Inlet Air Temperature Sensitivity

The effect of iniet air temperature on the performance of the PMIGG and MSIGG liﬂ
ASM's is shown in Figure 39. Note that increasing the inlet air temperature ig%
has opposite effects on the product quality of the two units: the product “re
quality improves with the PMIGG and degrades with the MSIGG. Note that both Zﬁﬁ
units require more inlet air as temperature is increased (i.e. they become ;ﬁﬂ
less efficient). ;?}
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The PMIGG manufacturer recommended a 75%F operating temperature as the best
tradeoff between performance and fiber 1ifetime (Reference 1 indicates fiber
life is shortened at higher temperatures). The MSIGG can be operated over a
wide temperature range without any permanent effect on performance.

6.1.3 Altitude Sensitivity

As indicated 1in Figure 40, the MSIGG showed a significantly greater

performance improvement at altitude than did the PMIGG. This means that at

altitude, the operating pressure of the MSISG can be reduced while still
i maintaining the same product quality. However, for all practical purposes,

the PMIGG's performance can be considered to be unaffected by altitude. The
* PMIGG would require the same operating pressure regardless of altitude,

6.2 OBIGGS KC-135 INSTALLATION WEIGHT AND PENALTY CO4PARISON

The results of a study comparing the weights and fuel penalties of a PMIGG and
MSIGG OBIGGS installed in a KC-135 are shown in Table 7. Although the MSIGG
has a larger fuel penalty due to a greater system weight than the PMIGG, the
lower ram cooling air and engine bleed air requirements of the MSIGG result in
a total fuel penalty less than that of the PMIGG. The airplane range loss or
equivalent payload differences associated with each system are not great,
however. Final choice would depend upon the lifetime of the air separation
material and the rellabilty of the associated equipment, e.g. the air cycle
machine of the PMIGG and the sequencing valves of the MSIGG. These factors
were not definitively evaluated in this test program. The originally planned
PMIGG air cycle machine was not built and tested as a unit. The MSIGG
sequencing valve system that experienced early failures was not representative
of flight hardware, vut was assembled from industrial components and simple
valve designs primarily to demonstrate the air separation performance of the

A2 4 4a_a

b
large multiple bed MSIGG concept. R O
T
6.3 DESCENT REQUIREMENTS F-;,‘
Ry
The most significant problem encountered during the KC-135 mission simulations ;%ni
W
was the inability of either the PMIGG or the MSIGG to maintain positive tank i

pressures during descents. This deficiency is due to the underestimaticn of
descent requirements by the I[GG manufacturers. The following discussion will s
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analyze how descent makeup requirements should be estimated and the reason for RS
the underestimates. N
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: Table 7. KC-135 PMIGG and MSIGG Weght and Fiel Penaity fomparison ~
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The descent problem can be defined as follows:

Start of Descent End of Descent

Pye V1@t1' TR Pos Vz@tz' Tor By
where: P = yllage pressure, Lb/Ft2 Absolute

V = yllage volume, Ft3

T = ullage temperature, °R

R = yllage gas constant, 53.5 for air

t= missibn time, minutes

Subscript 1 denotes conditions at start of descent

Subscript 2 denotes conditions at end of descent

The mass of ullage gas is given by:
m = PV/RT

To calculate the descent requirements, the difference between ™ and m,
must be known,

§amy -m = (P2V2/R2T2) - (P]V]/R]T]) (1)

The above equation will yield the mass of makeup gas required during descent.
Equation (1) can be simplified with the following approximations:

R1 = R2 = 54,5 (07% 02 and no hydrocarbons)
Vi =V, (no significant fuel usage duvring descent)
T = T2 (near isothermal compression)

Yielding:

M imrified = (P2 = Py W/ (54.5T) 2
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E The average flowrate of makeup gas required is given by:
|
:

W = an/ot where &t = t, - 4 (3)

The procedure ftor calculating descent requirements 1s demonstrated with a
specific case of the final descent of the KC-135 Mission A,

Start of Descent

T _ . e e e

-
-
“

5.0 psia + 2.45 psig tank pressure = 7.45 psia

= 1,072.8 Lb/Ft?

] 17,625 Gal3Tank Volume -1250 Gal Fuel Remaining
= 2.189 Ft

509°R .
54.7 @ 5% 0, o
278.3 Minutes

-l
[ ]

*
ct O =~
— —

'] '] ]

End of Descent

R4
~N
»

14.7 psia + 0 psig tank pressure
i = 2,116.8 Lb/Ft?

! , = 17,625 Ga - 1150 Gal = 2,202 Ft3
525°R

54.5 @ 73 0,

286.0 Minutes

*
— =<
~

n ]

: K

2

*Denotes ullage temperatures from actual mission data.

Substituting these values into equation (1) and (3) yields:

i
-,
.
Yy e
~
G
R
W
c e
.
-

S i
an = 162.9 - 84,3 = 78.6 Lbs of makeup gas i
N

and
W= 78.6/(286 - 278.3) = 10.2 PPM average flowrate 2
S
The IGG unit must supply 78.6 Lbs of NEA into the ullage during the final -
descent if tank pressure is to remain above ambient. E;g:
N
84 B

............................................................



The sizing requirements for the KC-135 OBIGGS were developed in Referance 1
and indicated 8 PPM were adequate for descent. The reason for the discrepancy
was assumptions made regarding ullage temperature during the descent.
Reference 1 pradicts that for the standard day mission,'the ullage temperature
would increase from 450°R to 570°R while actual mission simulation data
shows only a 16°R rise. The Reference 1 analysis was evidently based on a
near adiabatic compression of the ullage gas while the simulation indicated
that near isothermal is actually the case. A discussion of this compression
process is given in Appendix J.

When sizing an OBIGGS for an application such as the one discussed here, the
following considerations will demand even higher IGG flowrates:

Cold day missions will require approximately 25% higher flows,

The descent switch will not detect the exact beginning of a descent
and probably will not operate until at least 10% of the total time
for descent has passed. This delay will leave less time for
repressurization,

A "safety factor" or reserve capacity should be built fnto the system.
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7.0 CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

i pa s LA

The following conclusions are presented as derived from the extensive tests
conducted on the DOW/AiResearch PMIGG and the Clifton Precision MSIGG as well
an analysis of KC-135 OBIGGS weights and penalties:

Both the MSIGG and the PMIGG are capable of inerting a KC-135 fuel
system (as well as other airplane fuel systems), providing that the
IGG unit is sized to properly handle the descent flow requirements.

S 22 )
(=]

)

i o Selection of a PMIGG or MSIGG for a KC-135 application would depend
o more upon reliability and lifetime factors rather than system weight
and fuel penalty differences.

0 Both IGG manufacturers (AiResearch and Clifton Precision)
underestimated the descent flow requirements for the given KC-i35
mission by approximately 40%.

When calculating descent flow requirements for an airplane fuel
system, the repressurization process should be considered to be
isothermal or dominated by the tank structure and fuel mass.

A design margin should be incorporated into an OBIGGS to allow for a
predetermined amount of system degradation.

The MSIGG is subject to a mincr, one time performance shift due to
moisture in the idnlet air. An additional temporary drop in
performance occurs during periods of operation under high moisture
conditions.

The 8-bed MSIGG unit, as designed by Clifton Precision, will require
improved valves in order to achieve acceptable reliability.

The PMIGG moduies will require special slow opening inltet control
valves to prevent fiber bundle damage.
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o The PMIGG performance is not significantly affected by moisture in
the inlet air,

7.2 Recommended Methodology for Evaluating Future O0BIGGS

Several techniques for evaluating 0BIGGS performance were developed in this
program and should be considered in any future performance/suitability
testing, including:

o Basic performance mapping over a minimum of 4 operating points for
each of the following parameters - inlet air pressure, product
flowrate, waste pressure, and temperature of the IGG unit.

o Llong term performance testing over several hundred hours, focusing on
one or two important flow and inlet condition points, should be
performed.

o Controlled on/off cyclic testing for the normally continuous flow
PMIGG type units to evaluate possible fibar creep and other
failure/degradation effects., The pressurization cycle rate should be
established based on airplane readiness requirements and the
manufacturer's recommendations.

o Inlet air moisture testing is required to assess both short term and
long term performance effects, especially for the MSIGG type system.
Moisture should be introduced at the inlet conditions reasonably
expected during airplane use.

0 Mission simulation testing should be performed to verify both the
basic performance and the control system hardware envisioned for a
particular OBIGGS/airplane configuration. The mission simulation
should combine the effects of inlet temperature, inlet pressure, and
waste pressure while being coupled to a fuel system.




7.3 Areas Requiring Additional Testing
Several factors were not addressed in these tests and should be evaluated in
future <tests on these and other prototype air separation modules. These

include:

o Shock and vibration effects over a long term period should be
performed,

0 The effect of temperature extremes (i.e, cold soak and hot soak
conditions) should be investigated relative to starting time and

verformance degradation.

o Lor3 term effects of supply air moisture on the MSIGG unit.

88

~ by

MR NCAE AL AALAL A RS EOERES LA L S KA S CLEAAEEEA EARANIO NS I R L i IaEh bl AR EE AR B e

4
»
2
4
]
5
»
'I
i
’
N3
w
Lvl
:
i
v
-
N
L
L
Lv
k.
N
; .
.
‘. .
N

DR T T T A Ny G T S RN - [ N P O e
e Ca b T e e T e e e e e e T e e e RS SO

=g
. «
VIV GO

b
.

v " .
. t. O e .
S . AR
4 I 4

,
o)
ale’aas

—— vy
(]

- o 9
W
el

ol

N

AN
oSl

'l{'n{':

4

- [
[ ]
L,

e
4

)
AL

“[(




T S VR v — v e — - =

PER R ST

¥ -

;
!
r
)
g

8.0 REFERENCES

Johnson, Richard L. and Gillerman, Joseph 8. "Aircraft Fuel Tank lnerting
System," Air Force Aero Propulsion Laboratory, Technical Report

AFWAL-TR-82-2115, July 1983.

Hankins, Dale, “"Molecular Sieve Inerting System for Aircraft Fuel Tank,
Part No. 3261021-0101," AFWAL-TR-82-2102, Clifton Precision-Instruments
and Life Support Division, October 1982,

“Fuel Tank Inerting System Class II Modification Preliminary Design Data,
Part I," D3-1157901, C135N, May 1979, Boeing Military Airplane Company.

Lothrigel, A, W., "C-5A Fire Suppression System Instructor Training
Guide," Parker-Hannifin Air and Fuel Division, 29 August 1979 Revision.

MIL-E-28453A, “General Specification for  Environmental Control,
Environmental Protection, and Engine Bleed Air Systams,® USAF, 1971,

“CFM56 - Bleed Air Contamination and 0%l Ingestion," Certification Report
#CR-036, December 1978,

Society of Automotive Engineers, “Environmental Contrel System
Contamination, " Aerospace Information Report AR 1539, 30 January 1981.

“CFM56 - Dust Ingestion Test, Bleed Air Dust Contamination,“ Report
#79-001, Janaury 1979.

“Compressed Gas Handbook," NASA 3P-3045, 1969,




it A S 2 SR ME S A Mg R A SR Al St e n b AL e S A A DAL A L il A3

- a s A e ——— = F

——ww ¥ v ¥

- -

L

Y

e . el aa e an anmn gnia A e e oo e ae g and i A AR RLAR4

ACFM
ACM
ASM
CFM
1G6
MSIGG
NEA
0BIGGS
PMIGG
PPM
PSA
PSID
PSIG
Recovery
SAFTE
SCFM
sFt3

u

gr

9.0 LIST OF TERMS

Actual Cubi¢ Feet Per Minute

Air Cycle Machine

Air Separation Module

Cubic Feet Per Minute

Inert Gas Generator

Molecular Sieve Inert Gas Generator
Nitrogen Enriched Air

On Board Inert Gas Generator

Permeable Membrane Inert Gas Generator
Pounds Per Minute or Parts Per Million
Pressure Swing Adsorption

Pound Per Square Inch Differential
Pounds Per Square inch Gage

Inert Gas Product to Input Supply Air Ratio
Simulated Aircraft Fuel Tank Environment
Standard Cubic Feet Per Minute

Standard Cubic Feet

Micron = 10°° Meters

0.002285 ounces (0.0648 grams)
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APPENDIX A

Analysis of IGG Performance Sensitivity to Bleed Air Contaminants

ANALYSIS OBJECTIVE

The objective of this analysis is to assess the performance impact of bleed
air contaminants on IGG performance. It would be ideal to evaluate the
effects of all possible contaminants over the entire lifetime of an 1GG, which
will be counsidered to be 10,000 hours.

TYPES AND SOURCES OF CONTAMINATION

Three types of contamination will be considered; vapor, 1iquid and
particulates.

Sources of Vapor Contamination, These may be any gasses generated frcm an
engine oil leak and the subsequent oil breakdown products. The following
is a 1ist of potential substances:

Allowable Limit

as per Measured in
MIL-E-SO??D CFM-56 Engine Test

Substance (PPM)* (Reference 6)
Carbon Dioxide -5000.0 320
Carbon Monoxide 50.0 37
Ethanol 7000.0 ND*
Fluorine (as HF) 0.1 Not Measured
Hydrogen Peroxide 1.0 Q.5
Aviation Fuels 25.0 2.0
Methyl Alcohol 200,0 ND*
Methyl Bromide 20,0 ND*
Nitrogen Oxides 5.0 1.3
Acrolein 0.1 0.7

011 Breakdown Products 1.0 ND*
Ozone 0.1 ND*
Hydrocarbons (Lube o011, hydraulic Not Listed 122.0
fluid, cleaning fluids)

Glycol Not Listed Not Tested

*ND - Non-detected (less than 0.5 PPM)
1 ppM - parts per million
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The concentrations 1isted above were measured in a certification test of a
CFM-56 engine during a (.2 GPM (considered severe) ofl leak,

Sources of Liquid Droplet Contamination. Liquid droplets can enter the
engine compressor from an oil leak caused by faulty seals or servicing,
cleaning fluid, and glycol from de-icing. iue following is a 1list of
potential substances:

Substance
Engine Lube Qi1
Hydraulic 041
Cleaning Fluids
Glycol

The quantities or concentrations that could be found in bleed afr are
unknown, Aviation fuels are not Visted because it is assumed that fuels will
be totally vaporized in the high temperature bleed air. It 1s possible that
liquid droplet contamination, of any kind, does not occur because of
vaporization and breakdown in the high temperature air. Data could not be
located concerning the presence of 1iquid droplets in bleed air,

Sources of Particulate Contaminants, These may consist of sand, dust vacuumed

off runways, tax! ramps; or unimproved f¥ields, and any other airborne
particles. Reference 7 discusses the normal particle size distribution

encountered in atmospheric dust. Test results from a dust ingestion test of a
CFM-56 engine are included in Reference 8,

PROBABILITY OF OCCURRENCE

0f the three types of contaminants, particulates are the most likely to be
encountered. The highest concentrations of dust will be encountered during
take-off, landing, and ground operation. However, even during flight, small
quantities of airborne particles will be encountered. Operation from
unimproved runways and desert locations will provide the highest dust levels.
Vapor and 1iquid droplets are assumed to be solely engine generated and not
ingested by the engine from atmospheric air. Consequently, vapor and liquid
droplet contamination would occur only as infrequent short duration (few hours
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at the most) transients, wusually as a result of some type of engine
maifunction such as an oil leak. Combat battle damage couid also cause such
contamination.

e Te AT/ WEERL 2 4

No data is available that predicts the total quantity of vapor or 1liquid
contamination that might be encountered in a bleed air system over the
lifetime of an IGG unit,

EFFECTS OF VAPOR AND LIQUID DROPLETS ON IGG PERFCRMANCE

Although no test data exists, it is difficult to envision any degradation in
IGG performance due to even 122 PPM of hydrocarbons (0.012% by volume), let
alone 1 or 2 PPM of the other vapors., However, it {s possible that a
cumulative long term effect on performance exists. For example, certain
molecules may be adsorbed by the MSIGG ard not desorbed, causing a gradual
accumulation of undesirable substances and a subsequent loss of performance.
Likewise, these substances could adversely affect the PMIGG membrane wall
naterial,

P OUSARARR AL g R

)
|

An exparimental evaluation of these effects (if they exist) would be difficult
and extremely time consuming.

EFFECTS OF PARTICULATE CONTAMINANTS ON IGG PERFORMANCE

Both the PMIGG and MSIGG units could be affected by dust accumulating in
components such as regulators and valves, However, the major concern is the
potential effect on the actual sieve material and membrane bundles,

The sieve material could become coated with dust particles to such an extent .
that 1ts active surface area available for adsorption s reduced ﬁyi
significantly. Also, the dust could cause a greater restriction to gas flow \?j
through the bed by “plugging" the spaces between grains of sieve, Both of k;j
these effects would tend to occur at the inlet to the bed and would not effect
all of the sieve material. In addition, each exhaust cycle will tend to S
“"blow" the dust back out of the beds. 333
=
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The small holes through membrane fibers of the PMIGG could hecome “plugged" if
internal pressurization were used, The unit under consideration is externally
pressurized; therefore, these small holes could net possibly become
“plugged.” llowever, the spaces between the millions of parallel fibers could
become plugged with dust causing an increased pressure drop and a loss in
membrane surface as through the IGG filter,

Entering the Engine Inlet. Reference 8 1s a test report of a dust ingestion
test on a CFM-56 engine, It is assumed that the dust concentrations used on
this test were severe and will be treated as such in this analysis. The dust
concentrations are as follows:

Engine Inlet Runway Dust Concentrations and Particle Distribution

§-15,  15-25,  25-504  50-100,  >100u
.025 grams/sFt> @ 20.7% 21.93  46.6%  7.8% 32 (Figure A-1)

The above size distribution is by weight and was measured by General Electric
to characterize the dust used. The dust, termed “Arizona Road Dust," was
supplied by the AC Spark Plug Division of General Motors.

Reference 7 provides data on the particle size distribution and concentrations
of atmospheric dust particles. It will be assumed that the aircraft will not
operate at close proximity to large cities for any significant amount of time;
therefore, the average concentration for rnon-urban areas (35 micrograms per
cubic meter) will be used. Converting units:

Engine Inlet Atmospheric Dust Concentrations

1. x 1078 grams/sFt3 at the distribution shown in
Figure A-1 and Reference 7

Entering the IGG Filter, This analysis assumes that the IGG uses “raw® bleed
air that has not been conditioned by an Environmental Con~trol System.
Reference 8 indicates that the dust particles are fractured in the engine
compressor and the particle size distribution 1s shifted (Figqure A-1) as
follows for high stage bleed:
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Engine Shifted Bieed System Runway
ODust Concentrations and Particle Distribution

L4-5, 5-8., >8 1
.0032 grams/sFt3 ¢ 25% 3/.1% 37.9%

The reduction in dust concentration from .025 to .0032 grams/sFt3 indicates
that the engine compressor and bleed port are designed to separate & large
portion of the dust. This analysis will assume that .0032 grams/sFt3 is a
severe bleed air dust concentration. Over the lifetime of the IGG, the total
quantity of runway dust entering filter is conservatively estimated as follows:

) 10 Min of dusty operation per take-off
o One dusty take-off per 25 flight hours (1 out of 5 take-offs)
0 10,000 hours per IGG Vifetime

10 Min (10,000 hrs) = 4,000 Min of dusty operation per IGG lifetime
75 firs

Lifetime Runway Dust Entering Filter

MSIGG PMIGG
{.0032 g/sFt3) (280 SCFM) (4,000 Min) (.0032 g/sFt3) (160 SCFM)
(4,0000 Min)
= 3,584 grams/Yifetime = 2,048 grams/1ifetime

Atmospheric dust is much smaller than the “Arizona Road Dust" and poses the
question of whether the engine would scparate the smaller dust particles at
similar efficiencies. To be conservative, it will be assumed that the engine
does not separate any of these atmospheric dust particles.

Bleed System Atmospheric Dust Concentrations

1. x 107® grams/sFt3 at the distribution shown in
Figure A-1 and Reference 7

A-6




Lifetime Atmospheric Dust Entering Filter

MSIGG
(1. x 107 g/sFt3) (280 SCFM) (60 Min/Hr) (10,000 Hrs)

168 grams/lifetime

PMIGG
(1. x 1078 g/sFt3) (160 SCFM) (60 Min/Hr) (10,000 Hrs)

1}

96 grams/lifetime

Leaving the IGG Filter. Both the PMIGG and the MSIGG use the same size filter
element from the same manufacturer, However, the grades or ratings are not

the same and are as follows:

MSIGG PMIGG
Grade BX Grade DX
99.99% retention @ .1u 93% retention @ .1y

Both grades can be considered to be absolute filters above a few microns.

For runway and atmospheric dust, the filter performance for each 1GG will be
conservatively estimated as follows:

Runway Dust Leaving Filters

MSIGG PMIGG
99.99% retention of particles < 5u 93% retention of particles <5 u
100% retention of particles > Su 10C% retention of particles > 5
Therefore: Therefore:
(3584 g) (257 < Su) (1-.9999) (2048 g) (25% < 5u) (1-.93)
= 0.09 grams/lifetime into the = 35.8 grams/lifetime into the
sieve beds membrane canisters

Atmospheric Dust Leaving Filters

MSIGG PMIGG
99.99% retention of particles < lu 93% retenticn of particles <1 u
100% retention of particles > 1. 100% retention of particles > 1
Therefore: Therefore:
(168 g) (25% < Tu) (1-.9999) (96 g) (25% < Tu) (1-.93)
= 0.004 grams/lifetime into the = 1.7 grams/iifetime into the

sieve beds membrane canisters
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The preceding analysis indicates that an insignificant amount of dust (less
than 0.1 gram) would enter the MSIGG beds due to the high efficiency of the
filter. The only conceivable way that more dust could enter the beds is as a
result of a filter failure or servicing error, Note the analysis is based on
a specific type of filter. If the grade of filter is changed by the designer
on a later design, then the sensitivity to dust would also change,

For the PMIGG, the preceding analysis indicates that several grams oi dust
could enter the membrane canisters with the grade of filter chosen. As with
the MSIGG, increased amounts of dust could enter the unit as a result of
filter fajlure or servicing error. The amount of dust entering the canisters
could easily be reduced by changing to the same grade filter as the MSIGG uses.
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APPENDIX B
MSIGG Operating Dynamics

l The MSIGG unit consists of eight beds of sieve material manifolded in parallel

ﬁ with each bed containing 50 pounds of zeolite absorbent. Regulated inlet air
then enters and exits each of the eight beds through separate inlet and

’ ' exhaust valves. Each bed is alternately pressurized with inlet air and then

. exhausted to the waste subsystem in a staggered timing arrangement. A valve

ﬁ timing diagram for the entire MSIGG system is shown in Figure B8-1.

l

During operation of the MSIGG, pressure fluctuations were encountered at the
intet and waste connections when inlet and exhaust valves opened.
, are illustrated in Figure B-2. Notice that
the regulator outlet pressure (bed inlet pressure) has a periodic fluctuation
as a result of alternating pressurization and discharge in each bed. . The
effect on the product oxygen concentration was seen to be small but
measurable. To record meaningful and repeatable data on the computer based
data system, a data acquisition routine was developed that would record only
the peaks or valleys of the pressures respectively. The peak pressure
measured at the inlet would better represent the supply pressure, and the

Fluctuations in pressure and %0

minimum pressure measured at the waste subsystem would better represent the
simulated waste pressure.

Since the product oxygen concentrations also fluctuated slightly, the
concentration measurement required special treatment in order to be recorded
by the computer based data system. This signal to the computer was filtered;
thus, computer data fluctuations were less than 0,1 %02.
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Figure 8—1. MSIGG Valve Timing Diagram
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APPENDIX C
Detailed MSIGG Moisture Test Procedures and Results

A detailed schematic of the test setup used for the moisture tests is shown in
Figure C-1. Steam was injected into and mixed with the bleed air as the air
was heated to the desired IGG inlet temperature., The moist air then passed
I through the IGG inlet filter/coalescer where droplets of free water were
iy coalesced and drained into a container for measurement of the condensate flow
; rate. The efficiency of the coalescer was not measured, and it was possible
N that free water was baing re-entrained and then passed into the IGG. After
the filter/coalescer, the bleed air passed through the inlet regulator and
into the molecular sieve beds. The regulator was set to remain wide apen
during these tests in order to minimize any pressure drop. However, even in
the wide open setting, a 6 psid pressure drop occurred across the regulator at
the conditions tested, A dew point meter continuously sampled the regulator
outlet air dew point at the regulator outlet pressure; therefore, the dew
point of the air entering the beds was always known.

Procedure A (Near Saturation)

In Procedure A increasing amounts of moisture were introduced to tihe bleed air
supply stream under controlled unsaturated conditions (Figure C-2). The
meisture content of the bleed air was tested at three different levels (22.8,
62.1, 115.8 grains/1b of dry air) while the bleed air temperature was
maintained 10°F above the dew point. Initial dry performance was measured,
then steam was added to bring the dew point to the desired level, wet

performance was measured, the steam turned off, and finally, the dry
performance was again checked to assess degradation.

Procedure 8 (Saturated)

Procedure B was similar to Procedure A except that enough steam was added to
the bleed air that the inlet dew point was equal to the inlet temperature.
Under these conditions, the bleed air contained free water which ccalesced in
the IGG inlet filter and drained from the filter housing. Procedure B was
only used at inlet air temperatures of 120°F, resulting in a vapor phase
moisture content at the dew point meter of 156.7 grains/lb. The condensate
drained from the coalescer filter was collected at a rate of 30 to 40
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Figure C—1. MSIGG High Dewpaint Test Setup
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Figure C—2. MSIGG High Dewpoint Test — 759F Temperature, 60P F Dewpoint, 22.8 gr/lb
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grains/1b implying an actual supersaturated condition with a total mcisture
level of 190 to 200 grains/lb entering the IGG coalescer filter, This
condition was the most severe moisture level tested.
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Procedure C (Descent into High Dew Point Environment)

Procedure C was designed to simulate a descent from high altitude, where the
1GG is operating at 40°F with dry air, into a hot environment with ambient
moisture levels of 156.7 grains/1b. The entire mass of the eight molecular
sieve beds was first chilled to 40°F. then the bed inlet temperature and dew
point were increased to 120°F. The 1GG was operated with saturated inlet
air and finally with dry bleed air to determine if any change in performance
had occurred.
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Procedure D (Descent with Subsequent Wet Shutdown)

Procedure D was identical to Procedure C in that D simulated a descent from
high altitude, cold and dry conditions, into a hot moist environment.
However, instead of returning to dry conditions prior to shutdown, the IGG was
shutdown while operating with saturated 120°F air, thus trapping some water
in the beds. The IGG was not operated again for up to S days. The purpose of
this tast was to determine if the water trapped in the “front® of the beds
would diffuse 1into the remaining sieve material, poison it, and thereby
degrade bed performance., Prior to this test, all moisture tests ended
operation with dry air to purge the water from the beds after shutdown,

Procedure D was repeated three times with varying amounts of shutdown time at
the end ¢f the moisture injection phase,

Results of Moisture Tests

The detailed results for each moisture test with the MSIGG are presented in
Figures (-2 through C-10 as plots of several important variables versus time.
The product oxygen concentration §s the variable of most interest, and was
used to determine the extent of degradation in the MSIGG. Ouring these tests,
the inlet temperature, pressure, and product flow rate were held as constant
as possible. Some variations did occur, especially in the bed temperature.
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Figure C—3. MSIGG High Dewpoint Test — 100°F Temperature, 90° F Dewpoint, 62,1 gr/lt
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Figure C—6. MSIGG High Dewpoaint Test — 120°F Temperature,
110° F Dewpoint, 116 gr/lb
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Figure C—8. MSIGG High Dewpoint Test — 40P - 120°F Temperature, at 120° F Dewpoint,
Off 16 hr, Operate Dry at 120°F
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Figure C—10. MSIGG High Dewpoint Test — 40P . 120°PF Temperature at 120°F Dewpoint,
s Off 3 Days, Operate Dry at 120°F
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Therefore, what is presented is one product %02 line that is corrected only
for pressure and flow rate (shows combined effect of moisture and temperature)
and another product %02 line that 1is corrected for pressure, flow, and
temperature (shows only the effect of moisture). When inlet conditions are
saturated, the bed temperature drops significantly causing a gross performance
improvement. The temperature corrected data surprisingly shows an
improvement. However, the temperature correction factors are not accurate for
: the large corrections involved here (30 to 40°F) and could explain the
apparent anomaly. The dew point measured at the bed inlet pressure is also
nlotted to document the periods of time when steam is added to the inlet air
as well as how fast the moisture level increases and decreases. Dew points

AT Y. N Y T T WS e T T T T e e e v v
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below approximately 0%F could not be measured with the instrumentation used
but were assumed to indicate essentially dry air (less than 1,7 grains/1b).

A L

Inlet temperature and bed temperatures were also plotted tu document the
. significant variations during moisture tests.

Results (Procedures A & B, Near Saturation & Saturation, Figures C-2 to C-6)

A1l of the tests conducted using procedure A or B are similar in that the
steady state performance of the MSIGG is measured befare, during, and after
the time period of moisture injection. Any permanent degradation would show
up as a shift in before and after oxygen concentration. A time period of one
to two hours was required for the MSIGG to reach equilibrium. ODuring the
period of time when high dew point air was entering the MSIGG, the performance
change was characterized by an initial increase in oxygen concentration which
then decayed to an equilibrium value. In gencral, as the moisture levels
increased, the changes in performance became greater. However, when the
moisture levels increased to the point of saturation, a marked change in bed
temperatures occurred. During all of the unsaturated moisture tests, the bed
temperatures temporarily rose when moisture was first introduced and then
temporarily decreased when dry conditions resumed. OQuring the unsaturated
moisture tests, these temperature transients always returned to equilibrium,
However, during saturated tests, bed temperatures stabilized 20 to 40°F
below the inlet air temperature. This observation is evident when Figures C-4
and C-5 are compared.
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A potential explanation for this surprising drop in bed temperature is offered

Y X

here. Free water could have been continuously re-entrained at the coalescer
filter, entering and undergoing a phase change in the bed (evaporating), '
fhereby causing a drop in bed temperature. This explanation agrees with the -
observation that liquid water dripped from the waste manifold, which only v:
occurred during tests with saturated inlet conditions, E? ,

e
e

In addition, if enough moisture is added to saturate the bleed air, overall
MSIGG performance is actually improved because the drop in bed temperature is BY
significant enough to more than offset the effect of moisture alone.

Results (Procedure C, Descent into High Dew Point Environment, Figure C-7) ?is -
i Since Procedure C does not begin anrd end at the same temperature, a before and FQ%
. after comparison of performance cannot be made. However, the final MSIGG (2\;'
\ performance is at 1209F (dry) and can be compared to the 120°- performance JSﬂ
' of other tests. Note, the bed temperatures respond very similarly to those in Q?{_
f procedure B (saturated @ 120°F). No significant permanent shift in ;?i
performance was observed during the single Procedure C test. §£§
:
| Results (Procedure D, Wet Shutdown, Figures C-8 to C-10) ;f%if
: 13
. S
: Procedure D was repeated three times with varying amounts of shutdewn time at tj:~
: the end of the moisture injection phase. The bed temperatures responded as in L;l
i Procedure C, and no significant shift in performance was noted due to a "wet" N
X shutdown. Huwever, there did appear to be a slight (= 0.3%02) change in 5i${
: 120°F dry performance after the second shutdown which lasted 5 days. The E:;-
. next time Procedure D was repeated (3 day shutdown), the shift in performance 1)
! did not recur, in fact, some performance was regained (= 0.1%02). el
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APPENDIX D
Accuracy of 02 Concentration Measurement for MSIGG Moisture Tests

The following 1is a discussion of the errors involved in determining
performance characteristics of the MSIGG as a result of moisture testing,
specifically in determining whether degradation has taken place.

Four input variables have been identified that affect the 0, quality of the
IGG product; these are expressed as inputs to the following general function
(f):

%02 = f (W, PREGCT, PWASTE, T)

where,
%02 Product %02
W Product mass flow - PPM
PREGOT = Inlet suppiy pressure - PSIG
PWASTE Waste flow pressure - PSIA
T Average MSIGG bed temperature - °F

To make a judgement about trends in the %02 levels, one must first calculate
the maximum spread expected in the concentration measurement, given a series
of tests with constant input variables. This spread could be due to drift in
the Beckman OM-11 Oxygen Analyzer given as +0.1 %02 (in measurement units)

or due to changes in the input variables that go undetected because of errors
in their measurement,

The maximum error in %02 measurement can be expressed as follows:

brax = Bom-11 * % * Sprecot * YpwasTe AT

where,

A Maximum %0, error
max 2

boM-1q = $0.1%0, (As per Beckman)
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s |of &PREGOT -
"PREGOT [m] 5
%
-5
= [af PHASTE i
uaste [SWKSTE] -
¥
by = (9f) oT . :'
s
& a Product Flow Measurement Error =4
PREGOT s Inlet Pressure Measurement Error ~
PWASTE = Waste Pressure Measurement Error E’ :
6T = Temperature Measurement Error b
byl
Actual values for the above expressions were determined experimentally or from t‘,
manufacturer's data and are given below: ‘
2
Variable of (Evaluated @ 8 PPM, 35,7 psig, P
(x) & B3 14,7 psia, 1200F)
%0, 6.1%0, N/A .
. N 0.16 PPM 0.8%0,/PPM i
: =
¢ PREGOT 0.25 PSI 3.2620,/°51 -
PHASTE 0.7 PSI 0.45%0,/PS1
T 2°F 0.2320,/°F o
F_‘.'_
8
Thus, the raximum 02 measurcment error in either direction is: e
= +0,33%0 Tl
A T o
s 1"
L A more probiable error would be given by the root sum of the squares (RSS) . E;::
formula or standard deviation as follows:
o
0
! sy 2 2 2 2 2 s
g ‘Rss T2 foM-n T A Y fprecor T fpuaste T 01 0
~ .? N
3
ARSS = :0.]9%02 b.'..;'
: o
-

¢
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In reviewing the moisture test results, it is seen that 3 data points are

; recorded for the %02 concentrations, as follows:

| Date Product30,
5

é 13 December 12.62

\ 13 December 12.57

' 16 December 12,44

. 16 December 12.62
S 19 December 12.47

. 21 December 12.58

. 6 January 12.86

! 9 January 12.74

If the sample is normally distributed, the mean is calculated as:

%0, = 12.61%

4 2" T T ¥ E_", "

R and the standard deviation 002 s 0.14%02

i Thus, the measured standard deviation 1is consistent with the expected
deviation based on instrument error and supporting the conclusion that there

is no measurable degradation of the MSIGG due to the moisture tests conducted.
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APPENDIX E

KC-135 Mission Profile Data

This appendix contains the original KC-135 design mission and the actual

: detailed set point schedules that were used during the mission simulations
: reported on in Sections 5.3 and 5.4 (Mission A and B). Also contained in this
appendix is the On-Line ACM model used to predict the ACM outlet pressures
) during mission simulations with the PMIGG.
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Table E—1. Standard Day Mission Data {FROM REFERENCE 1)

i . Bleed air Bleed @i
Altitude Mach Fuel flow Ullage Mission
Point . pressurs tempsrature
() number {ilv/h) {gat) time (hr) PSIA (F°)
1 0 0.423 28,930 1,808 0.06 135.6 [, .}
2 15,000 0.565% 22,090 2576 0.22 98.9 633
3 33,000 0.780 13,140 3,662 0.62 58.1 558
4 37,000 0.580 11,880 5,036 1.37 88.5 508
S 30,000 0.692 9570 9,012 1.95 48.3 495
6 45,500 0.780 71.320 13,552 n 328 s34
7 46,000 0.780 4,880 14,168 J.64 38 551
8 30.000 0.670 7.840 14,238 an 44 485
9 30,000 0.696 6.000 14,782 4 48.4 404
10 15,000 0.515 5,420 14,938 4.29 $7.2 476
1" 2,500 0.221 7.700 15,398 4.54 60.1 88
12 27,000 0.650 5.720 16,168 483 $1.0 476
13 15,000 0.515 5,420 16,322 4.95 57.2 476
14 0 0.378 16,970 16,476 5.10 96.7 586
S0
CRUISE 7
e =]
m
&
40 - 2
=
3 LocaL
REFUEL . AIRWORK
0= 9 12
ALTITUODE
{103 f) o
2
20 -
2 z
@
10 § =
z 3
~ ol
10—
{(FROM REFERENCE 1)
AIRWORK 11
o ! | | 1 i 14
0 1 2 3 4 s

MISSION TIME (nr)

Figure E—1. KC-135 Tanker Design Mission
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Table E-2

MSIGG KC=-135 MISSION A SET POINT SCHEDULE

l RAM* &
: Mission WALLOTEMPS Recovery
. Time PAMB {"F; GPM GAL* PBLEED PWASTE TEMP

. {(Min) {PSIA) TOoP BOTTOM ouT ouT (PSIA)Y (PSIA) (°F)

- B EEEEE EGeE RS L e TG TS e e Rt Ll C AR TS AT rE Gl OC e e TR Gem e

0.0 14,70 59.0 $9.0 0.0D 0.0 162,00 14.70 59.D
3.0 14.7C 76.C 75.C 0.0C 0.C 162.0C 14.7C 78,0
10.0 10.1C 47.C 48.C 2,4C 17.C 133.0C 10.1C 48.C
14.0 8.3C 31.C 32.C l1.6C 23.C 120.4C 8.3C 35.C
18.9% 6.7C 23.C 258.C 1.6C 30.C 108.5C 6.7C 24.C
24.5 5.4C 13.C 14,C 1.7C 40.C 97.5C 5.4C 12.C

R R

32.5 4,3C -1.C 0.C 1.4C  52.C 85.5C 4.3C -1.C

| 40.0 3.6C <15.C -14.C 1.5C 63.C 77.3C  3.6C ~9.C
79.5 3.6C -19.C ~-17.C 1.1C  105.C 68.50 3.6C =14.C

82. 4.2¢ -17.C =17.C 0.5C 107.C 67.2C 4.2C =~13.C

90.0 4.2¢ -9.¢ =-8.C 1.9C 115.¢ 67.2C 4.2C -4.D

90.8 4.4C  -13.C -13.C 0.5C 115.C 60.9C 4.4C =-10.C

109.4 4.4C -13 -13.C 0.8C 130.C 60.9C 4.4C ~10.C

] 117.0 4.4C -13.C -12.C 14.20 238.C 60.9C 4.4C -10.C
L 124.0 4.4C -13.C -12.C 14.2C 338.C 60.9C 4.4C =10.C
140.0 4.4C -7.¢  =-6.C 0.80 351.C 60.9C  4.4C -2.0

2 143.0 3.§C =10.C =-8.C 1.0C 354.C 72.00  3.5C -6.C
- 147.¢ 2.7C -4.C -2.C 0.8C 357.C 68.0C 2.7C =~12.C
' 158.0 2.1C  =27.C -24.C 1.1¢ 370.C 44,5¢ 2.1C  ~23.C
I 187.0 2.1C  =27.C =25.C 0.6C 388.C 39,40 2.1C =-23.C

' 261.2 12.2C 60.C 8§7.C 1.2C 454.C 109.80 12.2C 62.0
262.0 13.4C 68.C 64,.C 0.4C 454.C 82.90 13.4C 70.C
262.6 14.4C 74.C 69.C 0.4C 455.C 83.8C 14.4C 76.C

\ 270.0 l14.7C 75.C 70.C 0.3C 465.C 81.4D 14.7C 77.C
I 274.0 8.3C 31.C 33.C 2.2C 473.C 120.00 8.3C 35.C
278.3 5.0C -5.C -4.C 1.7C 480.C 61.1C 5.0C -1.C

# Gal in tank = 524 - GALOUT

- o o
** Tereeo ™ Trecovery t 10F 2 40°F

C DLenotes continuous linear interpolation between set points. :;Q
D DOenotes 4 single discrete value for the set point. ig
.u‘ ,i
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Table E-3
MSIGG KC=135 MISSION 8 SET POINT SCHEDULE

PRETNE AP i b L e

RAM
g Misstion NALLOTEMPS Recovery
. Time PAMB (°F) GPM GAL®* PBLEED PWASTE TSMP
g {Min) (PSIA) TOP BOTTOM ouT ouT (PSIA) (PSIA) (°F)
\ ----------------------------------------------------------------------
l 0.0 14,70 $9.0 59.0 0.0D 0.0 162.00 14.7D $9.0D
. 3.0 14.7C 76.C 75.C 0.0C 0.C 162.0C 14.7C 78.0
:ﬁ 10.0 10.1C 47.C 48.C 2.4C 17.C 133.0C 10.1C 48.C
v, 14,0 8.3C 31.C 32.C 1.6C 23.C 120.4C 8.3C 3s5.C
t; 18.5 6.7C 23.C 25.C 1.6C 30.C 108.5C 6.7C 24.C
) 24,5 5.4C 13. 14.C l1.7C 40.C 97.5C S.4C 12.C
. 32.5 4.3C -1.C 0.C 1.4C 52.C 85.5C 4.3C -1.C
40.0 3.6C -15.C ~-14.C 1.5C 63.C 77.3C 3.6C -9.C
79.5 3.6C -19.C =-17.C 1.1C 105.C 68.50 3.6C -14.C
82.0 4.2C -17.C -17.C 0.5C 107.C 67.2C 4.,2C -13.C
. 90.0 4.2C -9.C -8.C 1.0C 115.C 67.2C 4.2C -4.0
90.8 4.4C -13.C =-13.C 0.5C 115.C 60.9C 4.4C -10.C
109.4 4.4C -13.C =-13.C 0.8C 130.C 60.9C 4.,4C -10.C
117.0 4.4C -13.C =-12.C 14.20 238.C 60.9C 4.4C -10.C
124.0 4.4C -13.C -12.C 14.2C 338.C 60.9C 4.4C -10.C
140.0 4.4C -7.C -6.C 0.80 351.C 60.9C 4.4C -2,0
143.0 3.5C -10.C -8.C 1.0C 354.C 72.00 3.5C -~6.C

263.0 12.2C 60.C $7.C 1.2C 454.C 109.80 12.2C 62.0
263.8 13.4C 68.C 64.C 0.4C 454.C 82.90 13.4C 70.C
264 .4 l14.4C 74.C 69.C 0.4C 455.C 83.8C 1l4.4C 76.C
264.8 13.7C 79.C 74.C 1.2C 456.C 157.30 13.7¢C 82.C
271.1 13.7¢C 70.C 65.C 1.4C 464.C 157.30 13.7C 72.0
271.8 14.7C 75.C 70.C 0.3C 465.C 81.4D0 14.7C 77.C
275.8 8.3C 31.C 33.C 2.2C 473.C 120.00 8.3C 35.C
280.1 5.0C =5.C -4.C 1.7Cc 480.C 61.1C 5.0C -1.C

s R e e D R G TR R P T T T W R D P P G WD D D T R T R P P T T G D WP D P D R WD TR P U SN IR WP YR P WL TP A U T OR WP M ED TR Gm S @ S

®* Gal tn tank = 524 - GALOUT

= o o

** TgLeeo ~ TRecovery * 10°F 2 40°F ;
<

C Denotes continucus linear interpolation between set points. :iﬂ
b

D Denotes a single discrete value for the set point. .5
Y
|:\~:
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Table E-4

PMIGG KC~135 MISSION A SET POINT SCHEDULE

Mission WALLOTEMPS
Time PAMB (°F) GPM GAL* PBLEED PWASTE TBLEED
(Min) (PSIA) TOP  BOTTOM  OUT ouT (PSIA) (PSIA) (°F)
9.0 14.70 59.0 59.D 0.0D 0.0 14,70 75.0
‘ 3.0 14.7C 76.C 75.C 0.0C 0.C 14.7C 75.0
10.0 10.1C 47.C 48.C 2.4C 17.C 10.1C 75.C
14.0 8.3C 31.C 32.C 1.6C 23.C 8.3C 75.C
| 18.5 6.7C 23.C 25.C 1.6C  30.C 6.7C 75.C
24.5 5.4C 13.C  14.C 1.7C 40.C PBLEED  S5.4C 75.C
32.5 a.3C -1.C 0.C 1.4C  S52.C 4,3C 75.C
40.0 3.6C =-15.C -14.C 1.5C 63.C 3.6C 75.C
79.5 3.6C =~19.C =-17.C 1.1C 105.C 3.6C 75.C
82.0 4,2 =17.¢ =-17.C 0.5C 107.C Computed 4.2C 75.C
90.0 4,2C -9.C -8.C 1.0C 115.C 4,2C 75.0
90.8 4.4C =-13.C -132.C 0.5C 115.C 4.4C 75.C
109.4 4.4C =-13.C -13.C 0.8C 130.C 4,4C 75.C
117.0 4,4¢ -13.C =-12.C 14.2D0 238.C By 4.4C 75.C RS
124.0 4.4C -13.C =-12.C 14.2C 338.C 4.4C 75.C el
140.0 4.4C -7.C =6.C 0.8D0 351.C 4.4C 75.0 W
143.0 3.5¢ =-l0.C =-8.C 1.0C 354.C 3.5C 75.C AN
147.0 2.7C -4, ~2.C 0.8C 357.C ON-LINE 2.7C 75.C NN
158.0 2.1C =~27.C =-24.C 1.1C 370.C 2.1C 75.C NS
187.0 2.1¢c =27.C =25.C 0.6C 388.C 2.1C 75.C AN
218.0 2.1¢c =27.C =25.C 0.6C 407.C 2.1¢C 75.C NCRRN
222.7 4.4C -14.C =-14.C 0.5C 409.C ACM 4.4C 75.C iiﬁ
240.0 4.4C -11.C =-11.C 0.7C 434.C 4.4C 75.C SR
244.,2 8.3C 28.C  26.C 0.5C 436.C .3C 75.C N
247.2 12.2C 68.C 64.C 0.4C 437.C 12.2C 75.C e
261.2 l2.2C 60.C 57.C 1.2C 454.C  Model 12.2C 75.0
262,0 13.4C 68.C 64.C 0.4C 454.C 13.4C 75.C
262.6 l4.4C 74.C 69.C 0.4C 455.C 14.4C 75.C
263.0 13.7C 79.¢  74.C 1.2C 456.C 13.7C 75.C
269.3 13.7C 70.C  65.C 1.4C 464.C 13.7C 75.D
270.0 14.7C 75.C¢  70.C 0.3C 465.C 14.7C 75.C
274.0 8.3C 31.C 33.C 2.2C 473.C 8.3C 75.C
278.3 5.0C -5.C =4.C 1.7C 480.C 5.0C 75.C
281.5 8.3C 28.¢c  27.C 0.5C 482.C 8.3C 75.C
286.0 14.7C 72.¢ 12.C 0.6C 484.C 14.7C 75.C
# Gal in tank = 524 - GALOUT
C Denotes continuous linear interpolation between set points,
D Denotes a single discrete value for the set point. :?xi
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\ Table E-5

RN LR o

PMIGG KC=-135 MISSION B SET POINT SCHEDULE

¢

-
-
1y Mission NALLOTEMPS U
e Time PAMB (°F) GPM GAL* PBLEED PWASTE TBLEED ;
3 (Min) (PSIA) TOP BOTTOM  oOUT ouT (PSIA) (PSIA) (°F) "
---------------------------------------------------------------------- Iy
0.0 14,70  $9.0 59.0  0.00 0.0 14.70  75.D .
3,0 14.7C 76.¢ 75.C 0.0C 0.C 14,7C 75.0
10.0 10.1C 47.C 48.C 2.4C 17.C 10.1C 75.C
N 14,0 8.3C 31.¢ 32.C 1.6 23.C 8.3C 75.C
. 18.5 6.7C 23.C  25.C 1.6C 30.C 6.7C 75.C
; 24,5 5.4C 13.C 14,C 1.7C 40.C PBLEED 5.4C 75.C
' 32,5 4,3C -1.C 0.¢ 1.4C  52.C 4.3C 75.C
40.0 3.6C <~=15.C =1l4.C 1.5C  63.C 3.6C 75.C
79.5 3,6C =19,C =17.C 1.1C 105.¢ 3.6C 75.C
| 82,0 4,2 =-17.C =17.C 0.5C 107.C Cecmputed 4.2C 75.C
. 90,0 4,2C -9.C =8.C 1.0C 115.¢C 4.2¢C 75.0
90.8 4,4C -13.C =13.C 0.5C 115.C 4.4C 75.C
109.4 4,4C -13.C =13.C 0.8C 130.C 4.4C 75.C
117.0 4.4¢C =-13.C =-12.C la4.20 238.C By 4.4C 75.C
124.0 4,4C =13.C =12.C 14.2C 338.C 4.4C 75.C
140,0 4,4C -7.C =6.C 0.80 351.C 4,.4C 75,
143.0 3.s¢ =-10.C =-8.C 1.0C 354.C 3.5C 75.C
147.0 2.7C -4,C =2.C 0.8C 357.C ON~LINE 2.,7C 75.C
158.0 2.1C <27.C =-24.C 1.1C 370.C 2.1C 75.C
187.0 2.1C =27.C =25.C 0.6C 1388.C 2.1¢ 78.¢C
218.0 2.1C =27.C =25.C 0.6C 407.C 2.1C 75.C
222.7 4,4C -l4,.C =14.C 0.5C 409.C ACM 4.4C 75.C
240.0 4.4C -11.C =~-1l1.C 0.7C 434.C 4.4C 75.C
245,1 8.3C 28.C 26.C 0.5C 436.¢C 8.3C 75.C
249.0 12.2C 68.C 64.C 0.4C 437.C 12.2C 75.C
263.0 12.2C 60.C 57.C 1.2C 454.C Model 12.2¢C 75.D
263.8 13.4C 68.C 64.C 0.4C 454.C 13.4C 75.C
264.4  14.4C 74.C  69.C 0.4C 455.C 14.4C 75.C
264.8 13.7C 79.C 74.C 1.2C 456.C 13.7C 75.C
271.1 13.7C 70.C  65.C 1.4C 464.C 13.7¢C 75.0
271.8  14.7C 75.C  70.C 0.3C 465.C 14.7C 75.C
275.8 8.3C 31.c  33.C 2.2C 473.C 8.3C 75.C
280.1 5.0C -5.C -4.C 1.7C 480.C 5.0C 75.C -
286.1 8.3C 28.Cc 27.C 0.5C 482.C 8.3C 75.C "
293.3 14,7C 72.C 72.C 0.6C 484.C 14.7C 75.C N

L ol
t s L e

* Gal 1n tank = 524 = GALOUT

B (%

C DOenotes continuous linear {nterpolation batween set points.

N
D Denotes a single discrete value for the set point, }Q
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Figure E-2. PMIGG ACM On—line Model — Standard Day
(Used for Mission Simulations)
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APPENDIX F

MSIGG Steady State Performance Data
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MSIGG

STANDARC PERFGRMANCE TEST AT SEA LEVEL AND 75 F NOMINAL

AVG BED BED
WASTE BED INLET INLET PROD INLET PROD
PRES TEMP PRES TEMP FLOW FLOW 0/1 OXYGEN
(PSIA) (F} (PSID) (F) (PPM) (PPM) (%) (%)
14.5 80 15.96 79 0.11 8.95 1.2 1.7
14.56 80 15.71 79 0.50 9.23 5.4 3.08
14.56 79 15.54 80 1.02 9.61 10.6 5.54
14.56 79 15.95 73 1.98 10.58 18.7 8.97
14.56 78 15.87 79 3.01 11.38 6.4 11.85
14.75 77 20.07 79 0.11 10.88 1.0 1.34
14.71 77 19.88 78 0.51 11.17 4.6 2.25
14.72 76 19.95 78 1.01 11.72 8.6 3.89 °
14,71 77 20.12 78 2.00 12.70 15.7 7.01
14.€9 76 19.66 88 3.02 13.29 22.7 10.12
14.70 78 20.06 85 4.10 14.37 28.5 11.86
14.76 81 25.50 81 0.10 13.64 0.7 1.48
14.76 81 25.51 80 1.01 14.33 7.0 2.89
14.76 81 25.11 79 3.01 15.87 19.9 7.54
14.76 80 25.14 78 5.05 17.74 28.5 11.01
14.76 79 25.83 78 7.95 19.90 39.9 13.66
14.66 80 30.46 79 0.11 15.59 0.7 1.23
14.66 79 30.08 77 1.04 16.30 6.4 2.65
14.68 78 30.03 79 3.03 18.19 16.7 6.47
14.68 79 30.25 80 5.02 19.74 25.4 9.47
14.68 717 29.81 77 8.00 21.92 36.5 12.55
14.71 76 40,11 78 .10 19.84 0.5 1.17
14.71 75 430.60 78 .96 20.89 4.6 1.93
14.70 75 40,71 77 3.01 23.17 13.0 4.33
14,70 75 40.49 77 5.07 24.73 20.5 6.89
14.71 75 40.15 78 8.02 26.37 30.4 9.62
14.72 75 40.18 78 9.96 28.65 34.8 11.13
14.71 75 40.51 79 12.06 30.17 40.0 12.47
14,69 76 55.41 78 0.11 26.20 0.4 1.34
14,867 75 S5.68 78 1.06 27.19 3.9 1.94
14,70 75 57.62 78 2.96 28.58 10.4 3.47
14.72 75 54.41 79 4.99 30.38 16.4 5.37
14.75 76 55.87 78 7.98 32.80 24.3 7.58
14.74 77 54.83 77 9.95 34.84 28.4 9.01
14,76 77 55.34 78 11.98 36.19 33.1 10.1%
F-2
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STANDARD PERFORMANCE TEST AT 10.0 PSIA AND 75 F NOMINAL

AVG BED BED
WASTE BED INLET INLET
PRES TEMP PRES TEMP
(PSIA) (F) (PSID) (F)

9.96 77 15.21 79
10.33 77 15.07 78
10.04 76 15.41 78
10.00 77 15,08 84
10.00 78 15.35 81

10.08 72 20.11 79
13.07 71 20.10 78
10.05 72 19.91 79
10.03 72 19.98 78
10.07 72 20.16 79
10.05 70 19.80 78
10.08 71 20.24

[V )
w @
« . s
[ (S 34}

10.00 80O 25.29
9.99 80 25.87
10.01 78 .5.28
9.99 78 25.73
10.60 77 25.51

.

S O
—OWwnho-
[
R OO WO

.
~

10.03 74 30.17
10.C2 74 29.88
9.99 74 29.34
9.95 76 30.58
9.99 77 30.17

(]
o

i
L
LY
LY
4
LY

.
'

’y

»

w
= T RN W
. .

N W e )

o ’,

)
* .0

10.00 79 40.03
L0 40.61
10.00 40.79
10.01 40.42
10.04 40.75
10.01 40.27
9.99 40.54

Qv T,
o
e ‘n s

R

.05 55.19
.05 55.42
.03 55.52
.99 55.16
.96 55.18
.99 55.21
.00 54.75%5
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MSIGG

STANDARD PERFORMANCE TEST AT 6.0 PSIA AND 75 F NOMINAL

PYR L L. S "SR .. "N S "N VY

AVG BED BED
WASTE BED INLET INLET PROD INLET PROD
PRICAS TEMP PRES TEMP FT.OW FLOW 0/7 OXYGFEN
(r51A) (t') (PS1D) (F) (PPM) (PPM) (%) (%)
6.00 73 15.66 78 0.10 8.12 1.2 1.10
5.93 72 15.46 79 0.51 8.36 6.1 1.88
5.97 73 15.70 77 1.08 8.98 12.0 3.37
6.08 72 15.13 81 2.04 9.55 21.4 6.58
$.99 73 15.85 78 3.06 10.65 28.7 9.42
6.06 72 19.91 81 0.09 10.09 0.9 0.92
6.07 72 20.05 80 0.51 10.63 4.8 1.46
6.05 72 20.15 81 1.02 11.20 9.1 2.37
6.05 72 19.89 80 2.02 11.82 17.1 4.56
6.05 73 19.93 80 3.03 12.84 23.6 7.12
6.06 73 20.30 80 3.99 13.57 29.4 9,24
6.07 74 20.12 78 5.05 14.27 35.4 10.90
6.07 77 25.52 84 0.11 12.64 0.9 0.93
6.00 77 25.24 80 0.98 13.35 7.3 2.04
.0 14 25.47 79 3.06 15.25 20.1 5.8
5.00 75 25.29 80 5.05 16.68 30.3 8.90
6.00 75 25.49 77 8.02 18.67 43.0 12.28
6.03 75 29.72 80 0.12 14.44 0.8 0.92
6.02 77 30.42 79 1.01 15.59 6.5 1.82
6.03 76 30.30 80 2.97 17.37 i7.1 4.69
6.03 75 30.26 78 5.06 18.74 27.0 7.68
6.02 77 30.41 79 8.06 21.33 37.8 11.03 .
6.06 80 40.27 78 0.11 18.84 0.6 1.03 #
6.05 80 40.62 77 1.05 20.13 5.2 1.76 L
6.04 79 46.66 75 3.00 21.85 13.7 3.76 ——
6.03 79 40.40 80 5.05 23.73 21.3 6.17 EE%
6.04 76 40.74 78 10.00 27.37 36.5 10.30 Fd
6.03 76 40.75% 78 11.96 28.44 42.1 11.58 Yy
-2
6.04 82 §5.07 79 0.12 24.77 0.5 1.24 gﬁﬁ
f.0A 81 55,14 79 1.02 25.82 4.0 1.73 T
P /4 55,80 €6 3.04 28.26 10.8 3.2%
5.98 73 55.29 63 5.11 29.46 17.3 4.83 0940
5.99 72 54.79 75 7.96 31.96 24.9 6.93 AN
5.97 74 55.18 80 9.96 33.50 29,7 8.31 0l
5.97 71 54.90 78 12,10 35.18 34.4 9.41 0N
e
N
RO
%
e
F-4




STANDARD PERFORMANCE TEST AT 3.0 PSIA AND 75 F NOMINAL

MSIGG

AVG BED BED

WASTE BED INLET INLET PRCD INLET PROD

PRES TEMP PRES TEMP FLOW FLOW 0/1 OXYGEN
(PSIA) (F) (PS1D} (F) (PPM) {PPM) (%) (%)
2.99 73 15.27 g2 0.10 7.45 1.3 1.02
2.99 71 15.32 81 0.51 7.87 6.5 1.53
2.99 70 15.52 78 1.02 8.37 12.3 2.79
3.01 73 15.57 80 1.96 9.03 21.7 5.81
2.96 69 20.51 78 0.11 3.78 1.1 0.84
3.03 70 20.16 79 0.51 10.09 5.1 1.27
3.03 70 20.17 80 1.06 10.55 10.0 2.20
3.04 69 19.85 79 1.99 11.17 17.8 4.07
3.03 65 20.33 80 2.97 12.15 24.4 6.43
3.05 68 20.06 77 4.01 12.84 31.2 8.43
2.97 79 25.63 83 0.11 11.96 0.9 0.91
2.98 79 25.80 80 1.00 12.89 7.8 1.94
2.97 76 25.19 78 2.91 14.17 20.5 5.22
2.96 77 25.77 80 5.00 16.23 30.8 3.55
2.97 76 25.42 78 8.01 18.09 44.3 11.90
3.02 72 29.95 78 0.12 13.97 0.9 0.90
3.02 73 30.15 80 1.01 14.87 6.8 1.65
3.03 73 30.39 79 2.98 16.71 17.8 4.43
3.02 73 30.01 78 5.03 18.05 27.9 7.51
3.03 14 30.40 80 8.02 20.35 39.4 10.66
3.05 80 40.07 78 0.11 17.93 0.6 0.96
3.09 g1 40.48 79 1.00 19.14 5.2 1.59
3.10 79 40.72 81 3.01 21.08 14.3 3.63
1.02 7% 40.81 80 5.01 22.47 R .90
3.02 78 40.88 76 8.01 24.66 32.5 8.60
3.03 79 40.42 76 9.94 26.00 38.2 10.31
3.02 78 40.18 76 12.11 27.54 44.0 11.78
4.07 78 55.13 80 0.12 24.52 0.5 1.26
4,10 78 55.47 78 1.01 25.77 3.9 1.70
4.13 78 55.62 76 3.00 27.27 11.0 3.18
4.09 78 55.48 79 5.02 28.69 17.5 4.8¢
4.09 77 55.76 78 7.99 31.16 25.6 6.96
3.99 79 55.72 79 10.09 33.16 30.4 8.34
4.02 79 55.30 78 11.98 34.53 34.7 9.58
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STANDARD PERFORMANCE TEST AT SEA LEVEL AND 40 F NOMINAL

MS (GG

AVG BED BED

WASTE BED INLET INLET PROD INLET PROD
PRES TEMP PRES TEMF FLOW FLOW O/1 OXYGEN
(PSIA) (F) (PSID) (F) (PPM) (PPM) (%) (%)

14.77 39 19.93 43 0.11 10.94 1.0 1.11
14.77 38 20.24 44 1.01 12.03 8.4 3.18
14.74 38 19.88 42 2.07 12.85 16.1 6.46
11,77 17 iD.9R8 15 1.05 13.77 2201 woaYy
l14.76 37 19.70 43 4.09 14.56 28.1 11.07
14.71 41 29.82 42 0.11 15.62 0.7 1.10
14.69 40 29.80 41 1.00 16.55 6.0 2.19
14.71 39 30.05 42 2.05 17.63 11.6 3.92
14.70 39 30.01 42 3.04 18.56 16.4 5.50
14.69 39 29.73 41 3.95 19.10 20.6 7.40
14.70 38 29.71 40 6.01 21.13 28.4 9.62
14.67 40 39.83 41 0.11 20.17 0.5 1.36
14.¢€8 40 40.00 490 1.01 21.34 4.7 1.91
14.70 40 39.92 41 2.06 22.11 9.3 3.13
14.71 41 40.12 42 3.09 22.87 13.5 4.20
14.69 40 40.24 41 4.99 25.06 19.9 6.57
14.69 39 40.29 41 6.99 26.28 26.6 8.38
14.71 39 39.88 40 8.96 28.30 31.7 10.01
14.67 40 50.26 38 0.11 24.33 0.5 1.34
14.70 41 5G.01 39 1.02 25.33 4.0 1.90
14.67 40 49.76 39 3.03 27.17 11.2 3.51
14.69 39 50.17 39 5.00 29.36 17.0 5.32
14.67 38 50.03 38 6.98 30.75 22.7 6.88
14.67 37 50.16 37 a.97 32.60 27.5 8.25
14.70 38 50.01 42 11.00 34.28 32.1 9.56
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STANDARD PERFORMANCE TEST AT SEA LEVFWL AND 110 F NOMINAL

= .
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MSIGG
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AVG BED BED
WASTE BED INLET INLET PROD INLET PROD
PRES TEMP PRES TEMP FLOW FLOW 0/1 OXYGEN
{PSIA) (F) (PSID) (F) (PPM) (PPM) (%) (%)
13.70 108 20.73 112 0.10 10.89 0.9 1.41
13.70 107 20.76 109 .98 11.88 8.2 4.29
13.70 107 20.80 111 2.02 12.56 16.1 7.34
13.70 107 20.93 112 3.00 13.64 22.0 10.18
131.79 106 20.99 112 4.03 14.57 27.7 12.11
13.75 107 31.02 113 0.10 15.72 0.6 2.01
14.20 109 30.50 108 1.03 16.28 6.3 3.00
14.25 108 20.79 106 1.99 17.27 11.% 5.07
14.20 108 30.56 105 2.98 18.22 16.4 6.99
14.25 107 30.21 106 3.99 18.98 21.0 8.92
14.20 107 30.63 104 5.06 20.17 2¢.1 10.46
14.290 1086 40.62 107 0.11 19.83 0.6 1.60
14.20 109 40.14 107 1.01 20.40 5.0 2.44
14.20 109 40.75 108 1.99 21.60 9,2 3.93
14,20 107 40.38 105 3.00 22.41 13.4 5.48
14.20 106 40.46 109 5.02 24,20 20.7 8.16
14.20 105 40.47 110 7.07 25.91 27.3 10.3S
14,20 108 €0.99 111 0.11 24.17 0.5 1.99
14.20 108 50.58 111 1.03 25.37 4.1 2.44
14.20 106 50.50 11 2.98 26.84 11.1 4.60
1d. 20 10/ 50.00 111 S.12 28,19 18.2 u.bY
14.20 107 50.70 111 7.10 30.28% 23.5 8.75
14.20 108 50.62 112 9.05 31.91 28.4 10.18
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MSIGG

. STANDARD PERFORMANCE TRST AT SEA LEVET. AND 150 F NOMINAT.

o AVG BED BED

K | WASTE BED INLET INLET PROD INLET PROD
PRES TEMP PRES TEMP FLOW FLOW 0/1 OXYGEN

I 1 (psIA) (F) (PSID) (F) (PPM) {PPM) (%) (%)
14.45 146 20.17 151 0.10 10.26 1.0 2.10
14.40 146 20.51 155 1.03 11.19 9.2 5.48
14.40 145 20.31 154 2.00 11.92 16.8 9.47
14.45 146 20.46 157 2.97 12.86 23.1 11.60
14.45 145 20.05 155S 4.06 13.63 29.8 13.83

s ] 14.42 146 30.14 156 0.10 14.51 0.7 1.91

-] 14.37 144 30.33 157 1.04 15.52 6.7 3.85

| 14.42 146 30.01 155 1.98 16.22 12.2 6.46

‘| 14.45 146 30.21 155 3.01 17.12 17.6 8.39
14.40C 146 30.42 157 3.96 18.06 21.9 10.36

:‘ 14.40 14/ 30,00 157 b.02 18,81 20,7 11.73

Y

-] 14.38 148 40.58 158 0.10 18.79 0.5 2.04

"1 14.37 146 40.24 155 1.07 19.57 5.5 3.34

-1 14.38 145 39.89 153 2.04 20.39 10.0 5.02
14.37 145 40.07 156 2.96 21.07 14.0 6.56
14.35 147 40.18 157 5.C4 22.91 22.0 9.56
14,37 147 39.95 156 7.13 24.29 29.4 11.86

1 14.30 146 48.56 148 6.84 27.95 24.5 10.34

. 1 13.95 146 48.92 149 . . 12.24
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PMIGG
STANDARD PERFORMANCE TEST AT SEA LEVEL AND 75 F NOMINAL
AVG MODULE MODULE

WASTE MODULE INLET INLET PROD INLET PROD

PRES TEMP PRES TEMP FLOW FLOW 0/1 OXYGEN
(PSTAY (F) {(PSTD} (F) (PPM) (PPM) (%) (%)

14.71 73 29.53 78 0.11 1.91 5.8 4.64
14.71 74 30.24 77 0.80 2.73 29.3 8.69
14.71 74 30.16 76 1.50 3.45 43.5 11.69
14.70 73 49.85 76 0.73 3.86 18.9 5.18
14.71 73 49.81 76 1.50 4.71 31.8 7.67
14.71 74 49.88 76 2.55 5.72 44.6 10.07
14.70 73 49.48 76 4.00 7.26 55.1 12.49
14.69 73 69.79 76 0.76 5.09 14.9 3.86
14.70 73 69.65 76 1.50 5.87 25.6 5.48
14.72 73 69.49 77 2.54 6.93 36.7 7.58
14.71 73 70.23 77 4.06 8.60 47.2 9.78
14.53 73 69.80 77 6.06 10.58 57.3 11.90
14,68 73 84,65 76 0.79 5.93 13.2 3.26
14.70 73 84.5% 76 1.46 6.66 21.9 4.41
14.66 73 84.46 76 2.55 7.89 32.3 6.35
14.74 73 84.81 76 3.96 9.43 42.0 8.28
14.69 73 84.81 77 6.04 11.47 52.7 10.42
14.70 73 99.88 77 0.75 6.77 11.1 3.08
14.70 73 100.14 77 1.47 7.6% 19.3 3.92
14.70 73 100.02 77 2.45 8.63 28.2 5.30
14.71 73 100.17 77 4.16 10.50 39.%6 7.42
14.71 73 99.99 77 6.11 12.589 48.5 9.27

G-2
R R A R e T T I T TR I S D S T e e S LT e SCNN A SR




- . s

¢ . EEm Y ... . -

s WS ¥ & 5V

[
b

STANDARD PERFORMANCE TEST AT

PMIGE

10.0 PSTIA AND 75 F NOMINAL

AVG MCDULE MODULE
WASTE MODULE INLET INLET PROD INLET PROD
PRES TEMP FPRES TEMP FLOW FLOW 0/1 OXYGEN
{(PS1A) (F) (PSID) (F) (PPM) {PPM) (%) {3)
10.04 77 29.72 70 0.78 2.81 27.8 8.45
10.02 76 30.40 72 1.05 3.05 34.4 9.48
10.01 75 30.19 74 1.55 3.57 43.4 11.42
10.03 73 50.16 76 0.72 3.99 18.0 5.42
9.99 72 49.98 77 1.50 4.76 31.5 7.61
10.03 72 49.72 82 2.54 5.85 43.4 9.90
Ly, o ra 49,98 34 31.94 1.2 ALY | Y
9.98 72 70.08 84 0.72 5.293 13.6 4.03
10.02 74 69.87 85 1.94 6.18 24.9 5.54
9.98 74 69.78 86 2.51 7.27 34.5 7.21
9.99 75 69.62 87 3.98 8.82 45.1 9.43
10.03 76 70.19 80 5.97 10.94 54.6 11.48
10.09 73 85.36 84 0.786 6.28 12.1 3.33
9.99 73 85.38 86 1.46 7.18 20.3 4.46
2.9¢ 7€ gs .21 86 2.56 8.49 30.2 6.14
10.01 76 85.05 80 4.03 10.01 40.3 8.17
10.00 75 84.77 80 6.08 12.01 50.6 16.27
10.01 73 100.44 83 0.70 7.20 9.7 3.18
10.01 73 100.25 84 1.55 8.16 19.0 4.16
10.03 75 106.17 85 2.43 9.32 26.1 5.25
10.01 75 100.00 80 3.93 10.78 36.5 7.13
10,040 713 19.758 76 5.99 12.64 17.4 .20
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STANDARD PERFORMANCE TEST AT 6.0 PSIA AND 75 F NOMINAL

PMIGG

AR THNNTFENERATE T TN EREFT TN S MR TR TR TP

o« £V 7T X " HEEN-F &N KR R s, "R SR > I
Al s

AVG MODULE MODULE
WASTE MODULE INLET INLET PROD INLET PROD
PRES TEMP PRES TEMP FLOW FLOW 0/1 CXYGEN
(PSIA) (F) (PSID) (F) (PPM) (PPM) (%) (%)
6.02 71 30.38 76 0.77 2.59 29.7 7.65
6.00 71 30.37 77 1.06 2.88 36.8 R.97
. 6.01 71 30.25 79 1.60 3.43 46.6 10.98
I 6.01 71 49.90 82 0.7S 3.76 19.9 4.94
N 6.00 71 49.75 83 1.54 4.66 33.0 7.23
N 6.01 71 49.61 84 2.52 5.64 44.7 9.45
. 6.01 73 $0.20 91 4.09 7.45 54.9 11.70
6.02 76 69.93 86 0.74 5.67 13.1 3.49
6.01 77 69.82 79 1.52 6.41 23.7 $.08
6.01 77 69.70 74 2.53 7.37 34,3 7.09
(Il 1% (TR R 6H 1,97 H.70 LAY [
6.01 70 70.C1 67 6.16 10.50 58.7 1L.86
6.00 73 85.40 89 0.75 6.45 11.6 3.23
.01 74 85.05 g1 1,82 7.223 21.0 4,37
6.01 74 84.90 79 2.53 8.22 30.8 5.99
6.01 73 84.76 79 4.13 9.79 42.2 8§.21
6.01 73 84.44 79 6.06 11.67 51.9 10.15
6.01 72 99.74 82 0.81 7.08 11.4 3.01
6.02 72 99.66 86 1.57 7.98 19.7 4.07
6.02 73 99.48 90 2.54 9.19 27.6 5.25
6.03 74 99.18 92 4.06 10.94 37.1 6.97
6.02 78 99.63 79 5.96 13.17 45.3 8.75
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PMIGG

STANDARD PERFORMANCE TEST AT 3.0 PSIA AND 75 F NOMINAL

¢« Y s AL ERWw ¥ " "

AVG MODULE MODULE
WASTE MODULE INLET INLET PROD INLET PROD
PRES TEMP PRES TEMP FLOW FLOW 0/1 OXYGEN
(PSIA) (F) (PS1D) (F) (PPM) (PPM) (%) (%)
2.99 75 29.90 76 0.74 2.58 28.7 7.17
2.99 74 29.83 76 1.00 2.82 35.5 8.44
2.99 74 30.12 76 1.49 3.30 45.2 10.28
2.99 73 49.61 76 0.75 3.83 19.6 4.82
2.99 73 49.56 76 1.47 4.58 32.1 6.97
2.99 73 49.94 78 2.50 5.62 44.5 9.30
2.98 72 49.53 80 4.08 7.21 €6.6 11.88
2.99 71 70.29 84 0.74 5.05 14.7 3.87
2.9 72 70.24 87 1.49 5.85 25.5 5.22
2.99 73 70.01 91 2.52 7.14 35.3 7.01
2.99 74 69.83 92 3.99 8.72 45.8 9.09
2.98 78 69.81 74 6.02 10.85 55.5 11.35
2.99 73 84.69 76 0.76 6.10 12.5 3.43
2.98 72 84.60 77 1.50 6.79 22.1 4.65
2.99 72 84.50 78 2.50 7.82 32.0 6.19
2.90 72 85.14 81 4.12 9.67 42.5 8.22
2.99 72 84.79 89 6.07 11.69 51.9 10.08
2.99 73 100.54 91 0.78 7.19 10.8 3,12
2.99 74 100.37 93 1.51 8.06 18.7 3.87
2.99 75 100.19 33 2.56 9,37 27.3 5.19
2.98 77 100.02 g1 4.04 11.02 36.7 6.91
2.98 73 99.91 66 6.19 12.38 50.0 9.46
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STANDARD PERFORMANCE TEST AT SEA LEVEL AND 30 F NOMINAL

AVG MOUDULE MODULE

WASTE MODULE INLET INLET PROD INLET PROD
PRES TEMP PRES TEMP FLOW FLOW 0/1 OXYGEN
{PSIA) (F) (PSID) (F) (FPM) {PPM) (%) (%)
14.68 31 50.08 25 1.51 3.25 46.5 9.38
14.67 32 50.04 26 2.45 4.23 57.9 11.82
14.68 32 49.79 25 3.96 5.71 69.4 14.17
14.68 30 69.87 25 1.46 3.82 3g.2 6.67
14.68 30 70.69 25 2.50 4.98 50.2 9.12
14.67 30 70.67 25 4.02 6.53 61.6 11.63
14.67 30 85.29% 25 1.48 4.37 33.9 5.46
14.68 30 85.17 25 2.49 5.45 45.7 7.69
14.63 30 85.18 24 4.02 7.02 57.3 16.17
11.67 10 100.66 25 1.47 4.95 29.7 4.00
14.69 29 100.58 26 2.52 6.12 41.2 6.70
14.6¢8 29 100.58 27 3.98 7.73 51.5 9.00
14.68 29 100.17 26 8.24 11.99 68.7 12.88
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STANDARD PERFORMANCE TEST AT SEA LEVEL AND 45 F NOMINAL

AVG MODULE MODULE

WASTE MODULE INLET INLET PROD INLET PROD
PRES TEMP PRES TEMP FLOW FLOW O/1 OXYGEN
(PSIA) (F) (PSID) (F) (PPM) (PPM) (%)} (%)
14.68 47 30.51 46 1.48 2.83 52.3 12.82
14.67 47 50.07 44 4.00 6.27 63.8 13.56
14.68 47 69.99 45 1.52 4.56 33.3 6.39
14.68 47 69.89 46 2.52 5.62 44.38 8.64
14.68 47 69.68 46 4.02 7.16 56.1 11.03
14.08 46 85.13 45 1.47 S.12 28.7 S.12
14.67 46 85.03 45 2.49 6.13 40.6 7.13
14.67 46 84.76 46 4.03 7.77 51.9 9.51
14.67 46 84.82 45 8.27 12.17 6£8.0 13.36
14.67 47 99.87 44 1.51 5.73 26.4 4.36
14.68 46 99.72 44 2.54 6.82 37.2 .17
14.68 46 99.60 45 3.99 8.37 47.7 8.32
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STANDARD PERFORMANCE TEST AT SEA LEVEL AND 75 F NOMINAL
AVG MODULE MODULE
WASTE MODULE INLET INLET PROD INLET PROD
PRFRS TEMP PRES TEMP FLOW FLOW O/1i OXYGEN
(PSIA) (F) {PSID) (F) {PPM) (PPM) (%) (%)
14.30 73 30.50 74 G.24 1.88 12.8 6.37
14.30 74 30.21 74 0.74 2.30 32.2 9.56
14.31 74 30.25 75 1.50 3.08 48.7 12.94
14.32 75 49.90 76 0.26 2.84 9.2 4.29
14.32 74 50.11 74 0.76 3.37 22.6 5.80
14.32 74 5C.20 75 1.48 4,15 35.7 8.43
14.31 73 50.07 75 2.52 5.16 48.8 11.11
14.30 74 50.40 75 4.00 6.75 59.3 13.39
14.3?2 75 70.23 75 0.29 3.99 7.3 3.39
14.32 75 69.99 77 0.75 4.51 16.6 3.94
14.43 75 70.13 76 1.51 5.24 28.8 5.96
14.43 75 69.96 75 2.50 6.22 40.2 8.39
14.42 75 69.98 75 3.99 7.76 51.5 10.92
14.41 75 70.12 76 6.03 9.77 61.7 13.07
14.43 75 85.30 76 0.35 4.64 7.5 2.92
14.44 75 85.00 76 0.75 5.03 14.9 3.20
14.43 74 85.30 75 1.52 5.97 25.5 4.78
14,44 74 85.00 75 2.49 7.04 3s.A4 6.4
14.43 73 85.60 75 3.99 8.64 46.2 9.33
14.43 73 84.90 75 6.00 10.53 7.0 11.66
14.30 74 99.90 75 0.38 5.45 7.0 2.60
14.29 74 100.30 75 Q.75 5.87 12.8 2.75
14.29 74 99.90 76 1.49 6.91 21.6 2.57
14,29 74 99.90 75 2.52 7.90 31.9 5.72
14.28 74 99.90 75 4,02 9.4¢ 42.5 8.02
14.28 74 100.30 76 5.98 11.71 51.1 10.25
C
G-8

il

v
e

N3

Tt T NTe T WY vy
;ngﬁahz.., L

rPT T
o ML N

2
2,

.




Y- - =ty ) g, Pl S YA forila Dt ot diat v e Aoberipuig it o A 74 Gy pon v QTR oA v ittt et G & et pt aty . £ | ga P DS gt

APPENDIX H

MSIGG Detailed Mission Simuiation Oata Plots
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APPENDIX H (continued)

Key to Figure H-14

MDD Py JER

g (A} 430 psig* (H) 25.9 psig*
4 3 PPM 3 PPM
A <30K ft <30 K ft
N >549F 30-54°F '
)
) (B) 23.0 psig* (1) 42.0 psig* -
- 3 PPM 3 48 PPM
= ~30K ft <30K ft
D >54%F <54CF
3
i' (C) 19.5 psig* *Denotes regulator setting as per
7 3 PPM schedule.
F >30K ft
- 30-549F
(D) 25.9 psig*

3 PPM

<30K ft

30-549F

(E) 11.5 psig*
3 PPM
>30K ft
30-54%F
Pressure drops due to low P bleed

(F) 25.9 psig*

, .y -
l“. A A
W e sl e

P e

3 PPM

<30K ft

30-54°F o
Cannot reach 25.9 psig due to low P bleed :;?
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APPENDIX J
Repressurization Thermodynamics

The behavior of ullage gas temperature during descents is important when
determining the descent requirements for an O0BIGGS. AiResearch had predicted
(Reference 1) that ullage gas temperature would increase by 120°F during the
KC-135 descents. Experimental results did not agree with AiResearch's
prediction (see Section 5.3 and 5.4).

This disagreement between experimental data and AiResearch's analysis led to a
short series of experiments to characterize the thermodynamics of the SAFTE
test tank. The experiments were designed to be comparable to the analysis
presented in this appendix.

The behavior of a fuel tank ullage duriing repressurization can essentially be
analyzed as a container of gas undergoing a charging process. The assumption
of no heat transfer, while greatly simplifying the analysis, yields accurate
results only when the process is relatively fast. The thermodynamics of
charging a container always cause temperature changes and therefore
temperature differences; thus, heat transfer is always invelved. For the
adiabatic assumption to be accurate, the entire repressurization process nJdst
occur before any significant heat transfer can take place.

The analysis of repressurization presented here is based on Reference 9 and is
broken down into three parts with matching experimental data. These parts are
as follows:

0 Adiabiatic Charging of an Evacuated Container
(i Adiabiatic Charging of a Partially Fiiled Container
. 0 Monadiabatic Charging of a Partially Filled Container

For adiabatic charging of an initially evacuated container from a source of
gas having a constant stagnation temperature, the following equation is valid
for perfect gas.




where To = Stagnation Temp of Entering Gas
T2 = Temp of Gas in Container at Any Time During Charging
k = Ratio of Specific Heats = 1.4 for Air

P

e For the purpose of this analysis, the ullage gas will be considered to be
‘ air, Therefore the maximum ullage gas temperaturc obtainable during any
charging process with air would be 1.4 times the absolute stagnation
temperature of the charging gas.

If the container is partially filled at the beginning of an adiabatic charging

process, and the entering gas temperature equals the initial temperature of
gas in the ccntainer, the following equation applies:
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The experiments performed with the SAFTE tank could not begin with an
essentially evacuated tank since the lowest initial pressure obtainable was
0.5 psta. However, data suitable for direct comparison to Equation (2) was
obtained by charging the SAFTE tank from an initial pressure of 0.5 psia to a
final pressure of 14.7 psia. These data are presented in Figures J-1 and
J-2. Also included in Figure J-1 are data from the adiabatic prediction of
Equation (2). Note that experimental data fall well below the adiabatic
prediction. Figure J-2 contains data from a relatively fast repressurization
(comparable to a descent from 75k ft to S.L. in about 40 seconds) and
indicates that vllage gas temperature 1s still well below adiabatic

predictions. In fact, the process would be better described isothermaliy than
adiabatically.
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These experimental and analytical data support the conclusion that in an
airplane fuel system, the descent repressurization process fis approximately
isothermal, Taking into account that the wall temperatures will be changing
during descents, a more accurate and useful conclusion should be that the
ullage temperature will be dominated by the wall temperatures.

®U.S. GPO: 646-066*
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